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SOME ASPECTS OF THE WATER METABOLISM OF AN 
AUSTRALIAN MARSUPIAL SETONYX BRACHYURUS 


By P. J. BENTLEY 
From the Department of Zoology, University of Western Australia 


(Received 29 March 1954) 


Rottnest is a small island off the coast of Western Australia. It is situated 
between latitudes 31° 58’ south and 32° 02’ south, and longitudes 115° 26’ 
and 115° 34’. It is of pleistocene age and composed of eolianite (Teichert, 
1950); its drainage is fast and vertical. The annual rainfall is about 30 in., 
more than 27 in. falling between the end of March and the beginning of 
November. During the dry period (November to March), the temperature 
may rise as liigh as 38° C, the average daily maximum being between 21 and 
27° C. The potential evapo-transpiration in January is 12 cm and the water 
deficit 11 cm (Gentilli, 1948). There are large expanses of salt lakes that reach 
saturation point in the summer time, and it is possible that brackish water 
may lie in places around these. Only one perennial fresh water supply exists 
on tite island in a rather remote place. This island supports a large population 
of a cat-sized macropod, Setonyx brachyurus. Martin (1902), after studying 
a number of Australian marsupials, claimed that they were heterothermic and — 
suggested that this was confirmation of the idea put forward by Sutherland 
(1896) that marsupials are primitive in respect to temperature regulation when 
compared with placentals. As Setonyz is faced with seasonally arid conditions 
of high temperatures and limited water supply it may be expected to show 
physiological adjustments to both of these factors. The possibility that the - 
animals may drink sea water or brackish water cannot be ruled out. This paper 
records preliminary observations on aspects of the water metabolism and 
degree of homeothermy found in Setonyz. 


METHODS 


Some months before the experiments, the animals were fed on shan nuts containing 8 g free 
water, 58 g carbohydrate, 2-4 g fat and 20 g protein/100 g. The amount of water (metabolic and 
free) yielded by 100g of sheep nuts was approximately 52 g. The animals ate between 100 and 
200 g of this diet a day. 
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For collection of urine the animals were put in metabolism cages. A funnel-shaped trap allowed 
urine to run out a hole in the apex. A fine mesh wire bottom to the cage kept the urine separated 
from the faeces. 

Sodium and potassium were estimated with a flame photometer using an internal standard, 
urea with a nitrometer (Vogel, 1948), and chloride by a saan tt of Mohr’s method as described 
by Vogel (1948). 

- Urinary freezing-point depressions (A) were estimated with a Beckman thermometer. Values 
for A were converted into milli-osmolar concentration by the usual formula 

C (in m. osmole/l.) = A/1-86 x 1000. 
~ In some experiments McCance’s (1945) equation was used for the evaluation of urinary osmolarity. 

For the estimation of extrarenal water loss, water and food intake as well as faecal and urine 
output were measured. Metabolic water was estimated from the food intake, while that contained 
in the faeces was calculated by drying them for 12 hr at 105°C. Body temperatures were taken 
with a rectal thermometer. 

For histological examination, kidneys were fixed in 10% neutral formol in a 0-9% NaCl 
solution. They were either stained with Delafeld’s haematoxylin and eosin or left unstained for 
phase-contrast examination. For glomerular counts, kidneys of the anaesthetized animal, 
injected with Janus Green through the renal artery, were dissected out, themedulla being separated 
from the cortex. The cortex was weighed, and several small sections were cut through it and 
weighed on a torsion balance. The sections were macerated for a day in 1:3 hydrochloric acid, then 
washed and broken up in distilled water. The glomeruli in each piece of tissue were counted under 
a dissecting microscope, the individual glomeruli being removed with a small pipette. To obtain 


the glomerular volume small pieces of the fresh kidney were crushed in Setonyx serum and the 


diameter calculated in two directions using a micrometer in a Kellner eye-piece. 


RESULTS 
Examination of the kidney of Setonyr showed that its structure conformed 
to the usual placental pattern. The glomeruli were located in the cortex and 
the renal tubules had a thin segment. The surface of the kidney was smooth 
and had a papilla projecting into the pelvis where the collecting ducts open. 
This agrees with Sperber’s (1944) description of a primitive kidney. Two 
estimations of the number of glomeruli in one kidney gave values of 199,000 
and 215,000. The average radius of the glomeruli was 77. The total glome- 


rular volume was 381 and 411 mm? respectively. The ratio of single kidney — 


weight to body weight was 0-94/100 g (11-6 g in a 3600 g animal). 

| Field observations were made in the wet period in July and September and 
during the dry period in December and January. The animals, after being 
caught, were placed in metabolism cages and kept there until they had 
execreted at least 6 ml. of urine for analysis. In the wet period when succulent 
green feed was plentiful, the urine flow averaged about 25ml./hr, with a mean 
concentration of 456m.osmole/l. (extreme values: 154 and 928m.osmole/I.). 
Similar values were observed in animals kept in the laboratory at temperate 


temperatures, when food and water were given ad lib. In the dry period the | 


succulent herbage of the winter had dried out and little of this type of food 
was available, The animals were caught at least 2 miles from the only remaining 


Sy fresh-water supply. The urine flow at this time ein din 3 mi./hr or less. It 
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was highly concentrated: the mean total concentration was 1163 m.osmole/l., 
with extreme values of 886 and 1931 m.osmole/l. (Table 1). The extrarenal 
water loss estimated in animals kept in the laboratory under similag conditions 
of heat and humidity as those in the field during the dry period averaged 


Taste l. Urine concentrations observed in the field and under conditions of 


dehydration in the laboratory 
Urine 
Electrol 
(Na+ Urea Osmolarity* 
Conditions (m.equiv/l.) (m.mole/l1.) (m. osmole/l.) 
Field observations 
During wet period (15) « 1494174 159 + 192 456 + 409 
(66 — 345) (68 — 245) (154 - 928) 
During dry period (11) 4454372 273 +427 1163 + 909 
(296 745) (111 387) (886 ~ 1931) 
in the laboratory 
‘ood and water ad lib. (5) 176492 81+59 433 + 286 
(159 ~ 302) (45 - 147) (304 — 663) 
Dehydration, for 2 days (8) 460+ 158 603 + 371 1528 +391 
(399 574) (350 — 879) (1306 1819) 
Dehydration for 2 days, then : 
1-7 ml./100g of 3-5% NaCl 
or sea water (8): 
(a) Ist period of 8 hr 568 + 201 568 + 255 1702+517 
(417 —693) (414 747) (1483 2093) . 
(6) 2nd period of 16 hr 590+ 251 624+ 237 1806 + 575 
(396 691) (547 778) vn —2188) 


» Calculated according to McCance’s (1945) formula. 


1 Values are given as means with their standard deviations and range of values. In parenthesis: 
eee number of animals. 
Boe TaBLb 2, Rates of water loss due to evaporation under various conditions 
aah External Relative Water loss by 
temperature humidity evaporation 
Body weight (°C) (ml,/br) 
A, 3600 g 21 6-4 
40 
B, 3500 g 21 61 4-6 
40 44 20-4 
C, 3600 g 29 48-5 6-3* 
d 6-65* 
D, 3300 g 29 48:5 9-67* 
7-37" 
48-5 10-55* 
ty | | 11-72" 
* The average water loss of animals C, D and E was 8-71 ml./hr. 
, | All animals were males. 
be 8-7 ml./hr (Table 2, CE). The water content of the faeces at the height of the 
1e dry period was 50°% of the total weight, as compared with 65% during the 
yd wet months, Over the dry period of December and January, histological 
1g examination of the uteri of Setonyx showed them to be in an anoestrus con- 


It dition. The animals started to come into oestrus — in February with the 
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first young appearing in March. The period of lactation lasted about 6 months 
when water was plentiful. 

Temperature adaptations. Rectal temperatures, respiration rate and water 
loss by evaporation were measured in two animals (A and B, Tables 2 and 3), 
kept at a temperature ranging from 21 to 40° C. The degree of relative humidity 
ranged from 44 to 60%. The initial rectal temperature of these animals was 
35-8 and 36-3° C and their respiration rate 26 and 40/min respectively. While 
the animals were confined for 18 hr at a temperature of 40° C their rectal 
temperatures rose by 1-5 and 0-6° C respectively and their respiration rates 


Tasz 3. Temperature adaptation. Range of temperature from 21 to 40° C with 
degree of humidity from 60 to 45%* 


temperature exp as t 
Animal (°C) percentaget (hr) 
Rabbit™ +25 8 3-5 
Cat? , +3-0 4 70 
+2:0 5-0 
Sheep +15 8 70 
+1-0 16 70 
Setonyz A 7 18-0 
Setonyx B +0-6 45 18-0 
(1) Lee, Robinson & Hines (1941). (4) Lee & Robinson aoa). 
(2) Robinson & Lee (19415). (5) Robinson & Lee (1941c). 
(3) Robinson & Lee (19414). 
* In the present experiments, the degree of humidity varied from 44 to 60%. ° 


t The figures in this column represent the increased rate when expressed as percentage of that 
observed at 21° C, 


had increased 7 and 4-5 times. Throughout the whole period of observation at 
the high temperature, they showed no obvious distress; there was, however, 
a slight salivation and copious sweating from the fore and hind paws. Histo- 
logical examination of the skin from various parts of the body showed that 
sweat glands were present only on the fore and hind paws. It will be seen from 
Table 3 that the temperature regulation of Setonyx compares well with that of 
placentals. 

Dehydration, Animals kept in metabolism cages were given food and water 
for 2 days, after which water was withdrawn. The temperature of the room 
was 21° C. During the second day of water deprivation the urine volume fell 
from a mean value of 7 to 1 ml./hr; correspondingly, the urinary concentration 
rose from a mean value of 433 to 1528 m. osmole/I. These figures are not 
significantly different from those observed in the field in the dry period 
(cf. Table 1). ‘ 

To see to what extent the kidneys were able to concentrate urine, eight 
animals which had been without water for 2 days were given oral doses of 
1-7 ml,/100 g body weight, of either sea water (=3-3% NaCl solution) or 
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a solution of 3-5% NaCl. Urine was collected for two succeeding periods of 
8 and 16 hr. No difference was noted whether 3-5 % NaCl solution or sea 
water was given. In both cases the total osmolarity and electrolyte con- 
centrations of the urine were comparable with those observed during simple 
dehydration (Table 1). 

The possibility of the animal drinking sea water or brackish water during 
the dry period was considered. Ten animals were allowed to drink NaCl 
_ solutions of successively increasing concentrations: 1-5% for 6 days, 2°% for 

5 days, 25% for 3 days, and finally a 3% solution for 6 days. Eventually 
they were offered sea water. Seven of the animals maintained good condition 
while drinking on an average about 500 ml. of 2-5% NaCl solution each day. 


TaBuE 4. Effect of drinking various NaCl solutions on the concentration of urine 


Urinary concentration 


Electrol 
(Na +K) Chloride Urea Osmolarit 
Conditions (m.equiv/l.) (m.equiv/l.) (m. mole/l1.) (m. osmole/1.) 
Solution of 2.5% NaCl 590 +188 560+ 149 260 + 238 1440-4615 
for 3 days (10) - (426 — 722) (428 — 689) (153 — 420) (1005 — 1864) 
Solution of 3% NaClfor . 677474 629+ 116 371+ 186 1725+ 124 
6 days (7) - (517-801) (629 — 773) (180 — 766) (1506 — 1867) 
Sea water for 1 day (1) 679 646 245 1603 


Values are given as means with their range and standard deviations, In parenthesis: number of 


Their urine was highly concentrated (Table 4). One animal which had been 


drinking a 2°5°% NaCl solution for 6 days was in good condition; on the fourth 
day its intake was 8-0 g NaCl and its output in the urine was 8-78 g NaCl, 
while on the 5th day its intake was 14-28 g NaCl and its excretion was 11-33¢ 
NaCl. When the animals were offered a 3% solution of NaCl to drink their 
intake decreased from 500 to between 350 and 400 ml. in 24 hr. The urinary 
electrolyte concentration was between 500 and 800 m.equiv/l. When presented 
with sea water they all tasted it, but only one would drink any significant 
amount of it. This animal drank 300 ml. in 24hr. Its urinary electrolyte 
concentration was 679 m.equiv/l., which is significantly higher than that of 
sea water. It is unlikely, however, that such a small gain of water as that 
which might be expected in this experiment (35 ml.) would be sufficient to 
maintain the animal in a positive water balance for any length of time. 

To see whether these animals could tolerate larger amounts of NaCl, three 
animals which had shown that they could successfully drink solutions of NaCl 
as given in the previous experiment were given sea water by stomach tube. 
After a period of rest during which they drank water ad lib. they were given 
400 ml. of sea water (= 3°3% NaCl) by stomach tube. This corresponded to 
11 ml./100 g body weight in two animals and 13 ml./100 g body weight in the 
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third. It was given in doses of 100 ml. over a period of 10 hr. Urine was 
collected for two succeeding periods of 12 hr each. The animals were unable to 
handle these large amounts of sea water successfully. One of the animals died 
after 15 hr. There was a marked reduction in the total osmolarity and electro- 
lyte concentrations of the urine (Table 5). The amount of salt excreted in 24 hr 
by the two animals that survived was 6-75 g in 312 ml. of urine and 5-72 g in 
233 ml. of urine. As the amount of salt administered was 13-2 g, the salt 
retention was 6-45 and 7-48 g respectively. 


TaBLE 5, Changes in urine concentrations after administration of larger doses of sea water — 


Urinary concentrations 
: Electrolytes Total urinary 
Urea (m. equiv/l.) osmolarity 
Treatment (m. mole/I.) (Na +K) (m. osmole/I.) 
Solution of 3% NaCl ad lib. 255+ 61 717432 1689 + 137 
400 ml. of sea water after | 
hr dehydration 
riod of 12 br 194432 409 + 15 3 1012+ 22 
period of 12 hr 142+ 22 392 + 22 928 +45 


The data are given ss means with their standard errors, 


DISCUSSION 


The general morphology of the kidney of Setonyz is similar to that found in 
the monotremes, the marsupials and certain orders of the placentals. Sperber 
(1944) considered this type of kidney to be primitive. Rytand (1937-8) 
collected data on the glomerular volume, kidney weight and body weight, in 
a number of mammalian species, and found that the total glomerular volume 
is almost’a linear function of both the kidney weight and body weight. 
A similar relationship was found between kidney weight and total body weight 
(Smith, 1951). Using Rytand’s formulae, it was found that whereas the ratio 
of glomerular volume to body weight of Setonyx agreed with the value of this 
_ ratio in other species, its ratio, kidney weight to body weight, was far above 


the normal value (Table 6). As it is likely that this high kidney weight was due — 


mainly to tubules, it might be that Setonyz has a larger mass of tubular tissue 
per unit glomerular volume than have most other species. A similar correlation 
was found in the kangaroo rat and mouse, which can concentrate their urines 
highly. However, in these latter animals the high ratio of tubules to glomerular 
volume is not due to a proportionately large tubular mass as in Setonyzx but 
to a glomerular volume which was lower than in other species. It is only 
possible to speculate as to the physiological significance of this, but it would 
seem that in an animal such as Setonyx that has to handle large volumes of 
water at one time of the year and concentrate the urine highly at another, 
this would represent the best arrangement. : 
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Setonyx regulates its body temperature at high environmental temperatures 
at least as well as do placentals, This marsupial is certainly not heterothermic — 
as the findings of Sutherland (1896) and Martin (1902) would suggest. It might 
be mentioned here that the rectal temperature of marsupials appears to be 
generally lower than that of placentals. It is of course known that mono- 
tremes, certain marsupials and a few placentals exhibit heterothermy, and the 
most reasonable interpretation of this would seem to be that the ancestral 
stock of the three groups was heterothermic and that this still persists in the — 
more primitive derivatives of this ancestral stock. 


Taste 6. Deviations from expected values of total glomerular volume and kidney 
weight of various placental species and Setonyx 
Deviations from formula 
(TGV =0-044KW*°mg) Deviations from formula Deviations from formula 
of TGV predicted (KW=8-22BW%%g) (TGV =0-36BW%g) 
from KW W 


- predicted from B predicted from B 
Animal (%) (%) (%). 
Rat -10 — 22 
ai +15 - 1 +11 
onkey (macacus) +13 - 2 +11 
Dog +64 +50 
Kangaroo rat ~ 30 + 2 -ll 
Mouse — §2 +17 — 43 
Setonyx — 23 +35 +05 
+80 


The data were calculated from actual body weight and kidney ‘olate by Rytand (1937-8). 
TGV =total glomerular volume; KW =kidney weight; BW =body weight. 


It would appear from the present findings that, in contrast with Martin’s 
(1902), the body temperature of Setonyz is kept at normal levels in a hot 
environment by sweating from the paws and by panting. The cat and dog 
exhibit similar behaviour (Robinson & Lee, 1941, c), but the sweat glands in 
Setonyx appear to be better developed and brought into function more readily. 
The sheep (Lee & Robinson, 1941) increases its respiration rate and has sweat 
glands all over the body, while the rabbit (Lee, Robinson & Hines, 1941) 
increases its respiration rate but evidently has no sweat glands. Man, of course, 
has numerous sweat glands but does not increase his respiration rate appreciably. 

For animals living in arid conditions the production of hypertonic urine 
offers an obvious advantage. As an alternative to fresh water, animals may 
obtain water either from a succulent vegetable diet or from a dry diet yielding 
mainly metabolic water as does the kangaroo rat (not a marsupial), or they 
may be able to drink sea water or brackish water if available. To maintain its 
body water by drinking brackish water or sea water, an animal must be able 
to concentrate the electrolytes to a higher degree in the urine than in the 
drinking solution, and be able to maintain this high concentration while 
drinking quantities large enough for its needs without such a fall in the urinary 
concentration as would lead to dehydration. 
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When water was withheld from Setonyx, the urinary concentration was 
comparable with that observed in other mammals in similar conditions, with 
the exception of certain rodents. The highest electrolyte concentration observed 
was, however, very little higher than that of sea water. This made it unlikely 
that the animals could with advantage profitably use salt solutions as highly 
concentrated as sea water. , 

By increasing progressively the salt. concentration of their drinking water 
the animals could however be persuaded to drink solutions they would not 
take normally. Most animals could satisfactorily maintain their water balance 
on 25% sodium chloride solution and remain in good condition. One animal 
could even drink sea water and make a net gain of water. Whenever the urinary 
electrolyte concentration was high, there was a decrease of the urea con- 
centrations in the urine. This inverse relationship between the urea and the 
electrolyte concentration has been demonstrated previously (McCance & 
Young, 1944). When small amounts (1-7 ml./100 g) of 3-5°% NaCl solution or 
sea water were administered there was an increase in the electrolyte con- 
centration of the urine to values slightly higher than those of sea water, and 
there is a possibility that by drinking small amounts of sea water Setonyz may 
make a net gain. Larger amounts of sea water however, such as those 
described, were not tolerated well. When administered, there was a reduction 
in the total electrolyte and total osmolar concentration of the urine, resulting 
in a salt retention. 

In the field during the dry season it does not seem probable that Setonyx 
normally drinks sea water or brackish water in appreciable amounts as is 
evidenced by the electrolyte concentration of its urine. It is likely that 
selection of the most succulent food along with the <6 acomemieah in physiology 
and behaviour mentioned serve well for its survival. 

The possibility of mammals being able to utilize sea water as a source of 
water in quantities sufficient to maintain their health or to prolong survival 
under conditions of short water supply has received considerable attention. 
Maximal urinary electrolyte concentrations observed (Table 7) exclude most 
animals from this possibility, with the exception of two rodents, and Setonyz. 


Barker & Adolph (1953) have shown that the life expectancy is longer in rats — 


given sea water than in those given no water at all. The sea water used was, 
however, less concentrated than that of most oceans, chloride 512 m.equiv/1. 
compared with more usual values of 560 m.equiv/]. or more. Kangaroo rats, 
which do not normally require free water, can survive by drinking sea water 
when high protein diet brings about an extra need for water (Schmidt-Nielsen 
& Schmidt-Nielsen, 1950). Setonyx, when on a dry diet, can easily maintain 
a positive water balance when given 2-5% NaCl solution (420 m.equiv/I.) as a 
sole source of drinking water, and the indications are that it could make a gain 
by drinking more concentrated solutions up to that of sea water when under 
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dehydration stress, but not sufficient to make u that is lost through 
extrarenal channels. 


TaBx 7. Maximal renal concentrating ability of various species and of Setonyx 
Freezing- -point depression Chloride concentration 


Animal of the urine (centigrade) (m. equiv/l.) 
Dog ~ 3-9) 400 
Man — 2-67) 
Goat 320 
Seal (Phoca vitulina) — 3-988 500%) 
Rat 4-79 7600” 
Rabbit 3-556 
rat ~ 10-4 [1500]* 
Setonyx sir ~ 4-07 : 773 
(1) Homer Smith (1951). (7) Rapoport, Brodsky & West (1949). 

(2) McCance (1945). (8) Adolph (1923). 

(3) Smith (1936). (9) Adolph (1943). 

(4) McCance & Wilkinson (1947). (10) Albrecht (1950). 

(5) Heller (1940). (11) Barker & Adolph (1953). 


(6) Calculated by Homer Smith (1951) from Schmidt-Nielsen, Schmidt Nielsen & Brokaw (1948). 
* This value represents the total electrolyte concentration as calculated from electrolytic con- 
ductivity (Schmidt-Nielsen & Schmidt-Nielsen, 1952). 


SUMMARY 


1. Some aspects of the water metabolism and of the ssiceiilale saidalict 
of an Australian marsupial, Setonyx brachyurus, that lives in an area where 
for a large part of the year there is relatively high evaporation and limited 
water supply, have been studied. 

2. The general morphology of the kidney shows primitiveness. The tubular 
weight when compared with the glomerular volume and body weight is higher 
than in most species. 

3. Within the temperature range tested, Setonyx exhibited homeothermism — 
comparable with that of most placentals. 

4. Field observations showed that in the wet period the urine was dilute, 
whereas in the dry summer period its concentration was increased and the 
volume greatly diminished. Its mean value of concentration was 1162m.osmole.. 
In the laboratory, when the animal was deprived of water its urine con- ~ 
centration rose as high as 2188 m.osmole. In the field the highest millios- 
molarity recorded was 1931." 

5. By offering NaCl solutions of increasing concentrations most animals could 
be persuaded to drink a 2:5°% NaCl solution and maintain a positive water 
balance. They could even make some gain when drinking small amounts of 
solutions as concentrated as sea water. In these circumstances the highest 
urinary electrolyte concentration observed was 801 m.equiv/l. Large amounts 
of sea water were not tolerated well; they produced a marked drop in the 
osmolarity and electrolyte concentration of the urine. This was accompanied 


by a significant salt retention. 
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This work was carried out in Western Australia with the aid of Commonwealth Grants to 
Universities and a Nuffield Foundation grant to the Zoology Department. Prof. H. Waring 
suggested the investigation as a part of continuing work on marsupials in the department. I am 
indebted to Mr Keith Sheard (CSIRO) for histological advice and to Dr 8S. E. Dicker for criticism 
of the manuscript. : 
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THE EFFECTS OF WATER AND SALT INTAKE UPON THE 
- PERFORMANCE OF MEN WORKING IN HOT AND HUMID 
ENVIRONMENTS 


By 8. LADELL 


From the Hot Climate Physiological Research Laboratory, 
Oshodi, Lagos, Nigeria 


(Received 7 May 1954) 


It is commonly supposed that drinking increases the sweat loss at the same 
time as improving the overall performance of men working in the heat. There 
is considerable experimental evidence supporting the latter supposition; thus 
Gosselin (1947) recorded that the rectal temperature rose to higher levels in 
dehydrated men; Bean & Eichna (1943) found that the work capacity of men 
was improved when they replaced their sweat losses; Gregory & Lee (1936) 
found thermal equilibrium was more easily maintained by men when they 
were taking water; Johnson and co-workers (Johnson, Belding, Consolazio & 
Pitts, 1942; Johnson, Pitts & Consolazio, 1944) found that in long exposures 
water delayed the falling off in sweat rate and gave lower final rectal tem- 
peratures; they were unable (Pitts, Johnson & Consolazio, 1944) to get men to 
a steady state in the heat unless they drank and in non-drinkers they found 
the rectal temperatures and heart rates rose to ‘uncomfortably high levels’. 
The effect on sweat rate is less well substantiated; Hunt (1912) recorded an 
increased sweat loss when his subjects took water, but he noted that dehydra- 
tion itself did not stop sweating. In so far as water drinking staves off sweat 
gland fatigue, Johnson and his team would support Hunt’s findings. Lee & 
Mulder (1935a, b) showed that drinking increased the sweat loss; while Pitts 
et al. reported a decreased sweat rate in men when dehydrated. On the other 
hand, Adolph (1947) is quite definite that sweat rate is independent of water 
intake, and the Fort Knox team (Eichna, Bean, Ashe & Nelson, 1945) found 
that replacing the sweat losses did not affect the sweat rate. In some tests 
saline has been given in place of water; Lee, Murray Simmonds & Atherton 
(1941) found a reduction in sweat rate with saline, more marked in hot dry 
conditions; Johnson et al, (1944) reported the same, although the same team 
(Pitts et al. 1944) also reported the — in another paper. Kichna et al. 
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found no effect at all, and Gerking & Robinson (1946) in contrast to Johnson 
did not find that drinking of saline deferred the onset of sweat gland ‘fatigue’. 

In tests on heat tolerance there has been no consistent practice between 
different workers. Sometimes saline has been given (Bean & Kichna, 1943; 
Robinson & Gerking, 1947) and sometimes water (Pitts et al. 1944; Robinson, 
Gerking, Turrell & Kincaid, 1950; Robinson, Kincaid & Rhamy, 1950). Some- 
times there has been full replacement (Weiner & van Heyningen, 1952a, 5), 
and sometimes in short exposures no drinking at all (Ladell, 1951); tolerance 
limits have been defined for men drinking ‘ad lib.’ (McArdle, Dunham, Holling, 
Ladell, Scott, Thompson & Weiner, 1947), although the probability of 
‘voluntary dehydration’ (Rothstein, Adolph & Wills, 1947) occurring has been 
known for many years (Vernon & Warner, 1932). 

The McArdle team recognized that drinking might have a considerable effect 
on heat tolerance; but they considered that free rather than controlled drinking 
was more realistic. At the same time one of the group, the present author, 
TaBLE 1, Sweat production and rectal temperature (8.T.) rise in two fully acclimatized subjects 


during 130 min exposure with mean metabolic rate of 100 kcal/m*hr in two different climates, 
once drinking freely and once with no water. 


Climate Drinking Not drinking 
Wet Dry of Sweat R.T. Sweat R.T. 
bulb bulb experiment O88 rise loss rise 
Subject (° F) (°F) (min) ml. (° F) -(ml.) (° F) 
1 95 90 130 3160 3°3 2727 3-4 
100 95 85 1915 3-4 2178 3-2 
2 95 90 130 3130 3-5 8379 2-4 
100 95 85 2145 3:2 1984 3-1 


carried out a number of trials to determine, for the conditions of the experi- 
ments in progress, the effect of drinking on sweat rate and performance. The 
results of preliminary experiments were equivocal, as in the example shown 
in Table 1, and confirmed what was apparent from the literature, that the 
_ effect of drinking was variable and not easy to demonstrate in simple experi- 
ments. More elaborate experiments were therefore carried out, in which the 
effect of saline administration as well as of pure water was investigated. 


METHODS : 

In series 1 and 2, four trained but not hyperacclimatized subjects were exposed for 4 hr, in series 1 
to dry bulb 93° F, wet bulb 91° F, and in series 2 to dry bulb 95° F, wet bulb 93° F, air movement 
in both cases 100 ft./min. In both series the routine consisted of stepping on and off a stool 12 in. 
high 12 times a minute for 30 min at the beginning and end of the 4hr period; the subjects 
began this work 10 min after entering the room, and had 170 min rest between the two bouts. 

In series 1 the men wore full naval anti-flash gear and on the first day drank 0-2 % saline and on 
the second day the same quantities of pure water. In series 2 the men wore shorts only; the tests 
ran for 5 days, during which each man drank on different days: water, 0-1% saline, 0-2 % saline 
and 0-5% saline as follows: Subject SHA drank water, 0-1%, 0-5%, water and 0-2% on days 
1, 2, 3, 4 and 5 respectively; subject MAC drank 0-1%, water, water, 0-5% and 0-2% on the 
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5 successive days; subject PAR drank 0-1%, water, 0-1%, 0-2%, and 0-5% in that order; and 
subject HUF drank water, 01% and 05%. (This order and distribution was 
determined by administrative considerations.) Each man maintained the same drinking pattern, 
that self- imposed on the first day of the series, throughout the five tests. 

In series 3 and 4 hyperacclimatized subjects were used, two in series 3 and these two plus two 
more in series 4, The subjects were exposed for a shorter time, 140 min in series 3, 110-160 min in 
series 4, during which time they carried out a routine of alternating rest and work in cycles of 
either 20 (series 3) or 25 min, which had mean metabolic costs of 100 or 110 kcal/m*hr respectively, 
in a dry bulb temperature of 100° F and wet bulb temperature of 93-5° F with the air movement 
100 ft./min. The series 3 tests lasted 4 days and compared the effects of drinking water, 0-2% 
saline or 0-5 % saline with those of not drinking. It was arranged in two blocks of 2 days, in each 
of which each treatment was given once only. In series 4 there were four different regimes: 
(I) drinking water equal to the sweat loss (subjects approaching water balance only); (II) not 
drinking water but taking salt as 10% saline to equal the salt loss as estimated from the salt 
concentrations of the samples in the arm bags (subjectsa hing salt balance only) ; (III) drinking 
water and salt to equal the estimated losses (subjects approaching both water and salt balance); 
(IV) taking neither water nor salt (subjects in neither water nor salt balance). Subject ELL did 
drink to a small extent when on regime (IV); but he always incurred a water debt greater than 
1-31. Each treatment had a variant in which a single diuretic dose of 750 ml. of water was given 
after the first 15 min of exposure; also in a few experiments there was a further variant in which 
the diuretic dose consisted of 500 ml. of 3-5% saline, representing sea water. Only two subjects 
were tested on any given day, but the other two subjects also came into the hot room and assisted 
with the observations so that each man was exposed to the heat 5 days a week. The only statistical 
control possible was to ensure that on no day were both subjects on the same regime. 

In all four series observations of body weight, pulse rate and rectal temperature were made 
before and after each bout of work and on first entering and on leaving the hot room. In series 4 
the men wore arm bags for the collection of sweat for analysis; urine and vomitus (if any) was 
also collected and analysed for chloride by the Volhard-Harvey method. No measurements were 
_ made of skin temperature. Drinks were given at about 70° F. In the replacement routines ‘floats’ 
of water, salt or both were given to the subject before he entered the climatic chamber to cover 
the estimated loss in the first 15 min. 


RESULTS 
Series 1 

It was not possible to distinguish between the effect of ‘days’ and the effect 
of a saline drink. There was, however, a statistical difference between the 
mean sweat losses on the second day, when water was drunk (5356 ml.), and 
that on the first day, when 0-2% ‘saline was drunk (3890 ml.). From an. 
analysis of variance, the standard error for each day from random sampling 
was +337 and between days +477; from this t=3-08 (P < 0-05). These higher 
sweat rates on the water day were associated with higher rectal temperatures, 
the mean final temperatures being 102-1 and 101-8° F for days 2 and 1 re- 
spectively. From the analysis of variance t=3-36(P<0-01). The effect on 
heart rates was the same: the mean rise in rate during the first bout of work, 
before the nature of the drink could have any effect, was 14 beats/min for 
the water day, and.18 on the saline day; but this difference was reversed for 
the second bout: the means rises were 18-25 and 12-75 beats/min for water 
and saline respectively. The mean maximum heart rate was also greater for 
water than for saline: 171 compared with 163 beats/min. 


ba: 
ig 
5 
i 
a 
apf 
a 
aE 
4, 
ij 


14 W. 8S. 8. LADELL 
Series 2 
Subjectively the subjects did not appear to have any preference for saline, 
of whatever concentration, over water, or vice versa. Complaints of ‘exhaus- 
tion’ were made by subjects on water, on 0-1% saline and on 0-5% saline. 
Rectal temperature change and heart rate were not affected by the treatment; 
the observed differences in final rectal temperatures could all be traced to 


variations in the response of the subjects during the first 30 min of exercise, 
before any differences in the drinking regime could have become effective. 


Tas.e 2. Series 2 tests: alterations in rectal temperature during work, recovery and subsequent 
work, maximum observed pulse rates, and sweat losses in last 2} hr, for each exposure. 
An assessment of the subject’s condition, part clinical part subjective, is also given; (1) in- 
dicates normal tiredness, (5) complete exhaustion and intervening numbers intervening 
states. 


Changes in rectal temp. 
First Second Max. 
work work pulse 24 hr 
| rise Recovery rise rate sweat Subject 
Regime Subject Day (°F) (° F) (°F) (beats/min) (ml./man) co n 
Water SHA 1 1-9 277". 3 148 3013* 4 
SHA 4 2-1 1-6 1-2 144 3565 l 
MAC 2 1-9 1-4 18 164 1820 1 
MAC 3 1-7 1-2 1-4 140 1765 1 
PAR 2 2-0 1-5 1-6 180 1 
HUF 1 2-3 1-6 1-9 168 1670 1 
01% SHA 2 2:3 1-6 1-7 160 2275 1 
MAC 1 2-0 1-4 1-5 168 2370 2 
PAR 1 2-3 2-0 2-0 180 2940 1 
‘PAR 3 1-9 1-5 1-8 164 2955 1 
HUF ete 21 2-0 168 1746 1 
HUF 4 2:7 1-1 1-6 184 2765 4 
0:2% SHA 5 1-8 13 1-9 124 2652 1 
MAC 5 1:8 1-0 1-6 136 1470 1} 
2-6 1-4 1-9 172 2800 
HUF 3 2-9 2-2 2-0 164 1900 1} 
05% SHA 3 2-0 2-0 1-9 144 1441 1 
MAC 4 2-1 1-4 1-5 132 1630 l} 
PAR 5 1:8 1-1 1:7 184 1945 5 
HUF 5 1-1 1-7 2:2 176 1320 1 


* These values calculated by the principle of minimum error. 


In the second 30 min work period the mean rises in rectal temperature differed 
by less than 0-1° F with the four regimes; the individual variations are 
apparent in Table 2. There were no significant differences between the mean 
‘maximum temperatures reached in the various regimes, or between the mean 
maximum heart rates. The sweat losses in the last 2} hr of each exposure 
when the drinking regime could be expected to show its effect, did vary with 
the regime. The individual values are shown in Table 2; they include an 
extrapolated value for one subject who failed to complete the full 4 hr calcu- 
lated according to the principle of ‘minimum error’ (Snedecor, 1948). The 
mean 24 hr sweat productions were 2365-5, 2508-5, 2205-5 and 1584-0 ml. when 
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drinking water, 0-1 % saline, 0-2 % saline and 0-5 ¥, saline respectively. From the 
analysis of variance the standard error for the first two means was 131-1 ml., and 
for the third and fourth groups 160-5 ml. Comparison of the variance between 
groups with the error variance gave z=0-9893, which is midway between the 
5 and 1% point» for P with m,=3 and n,=8 (one degree of freedom lost due 
to the extrapolate! value). There was therefore a statistically significant 
difference between the four groups; but this difference was entirely due to the 
group drinking 0-5 % saline. Thus, in this series the sweat production was the 
same whether the subjects drank water, 0-1% saline or 0:2% saline, but 
markedly diminished when they drank 0-5°% saline. 


Series 3 

The results of this series of tests are shown in Table 3; differences in sweat 
rate, rectal temperature change and heart rate were found with the different 
regimes. The mean sweat losses for the two men in the last 80 min of exposure 
were: when drinking water, 1571 ml.; when not drinking, 1544 ml.; when 
drinking 0-2% saline, 1626 ml.; and when drinking 0-5% saline, 1493-5 ml. 
In the analysis of variance into persons, treatments, blocks of days and error, 
comparison of the error with the treatment variance gave z=1-39; this is 
0-08 greater than the value for P=5%,. In this series, therefore, the sweat 
production was not significantly affected by the type of drink. The standard 
error of the means due to sampling was + 29-3 ml. 

Higher rectal temperatures were found when the subjects drank water or 
refrained from drinking than when they drank saline. The mean for all post- 
work rectal temperatures taken after 60 min exposure, by which time thermal 
equilibrium was being approached and the drinking regime could be considered 
to be effective, was 102-82° F for non-drinking subjects, and for drinking 
water, 0:2% saline and 0°5% saline were 102-59, 101-69 and 101-66° F 
respectively. The corresponding heart rates were 36-9, 37-8, 31-6 and 33:5 
beats per } min. (Pulse rates are given as beats per } min, as rates were often 
changing rapidly and only } min counts were made.) The means for all pre- 
work (recovery or resting) values, again after the first 60 min, were: when not 
drinking, 102-65° F and 33-3 beats/15 sec, and for drinking water, 0:2 % saline 
and 0-5% saline respectively, 102-45° F, 32-1 beats/15 sec; 101-52" F, 28-5 
beats/15 sec; and 101-46° F, 28:8 beats/15 sec. Comparing the immediate 
post-work values for the men when drinking water or not drinking on the one 
hand, with those for when they were drinking saline, on the other, gave in each 
instance t= 3-97. The rectal temperatures and pulses of these two men were 
therefore significantly lower when they were taking saline. The resting values 
were also significantly lower (t= 4-17 for temperature, t=6-35 for heart rate). 

In Fig. 1, the regression of the ‘resting’ heart rate on the ‘resting’ rectal 
temperature is plotted, pooling the values for the subjects both drinking water 
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TaBie 3. The effect of different drinking regimes on rectal temperature, heart rate and sweat produ 
during exposure to heat. Regimes: A, drinking nothing; B, C and D, drinking water, 0-2 % saline 


0-5% ‘saline respectively 


Sweaté 
: Minutes after entry - 
Subject Day Regime 0 63 70* 83 90* 103 110% 123 130* 143 
Rectal temperature (° F) 
IKE 1 A 98-4 102-0 102-55 102-7 103-0 103-0 103-0 103-1 103-0 102-9 . 
3 B 98-7 101-2 101-7 101-6 101-8 102-0 1020 102-0 102-0 10185 98) 
2 C 98-3 101-6 101-95 102-0 1023 102-2 102-5 102-4 1025 102-5 1044 
4 D 98-0 100-4 100-6 100-8 100-75 100-8 101-0 100-9 100-9 100-85 995 
DON 3 A 98-0 101-2 101-8 102-2 102-7 102-9 103-1 103-1 103-4 103-4 2168 
1 B 982 1020 102-6 102-9 103-2 103-5 103-6 103-65 103-8 1038 210 
4 C 98-4 1003 1008 1008 101-0 101-0 101-1 101-1 101-4 101-3 2208 
2 D 98-2 101-0 101-8 101-9 102-4 102-5 102-8 1026 103-0 102-9 1999 
: Heart rates—beats per } min 
IKE 1 A 27 35 38 33 42 35 32 32 34 34 ~e 
3 B 26 29 36 31 36 30 36 34 34 30 
2 32 34 29 33 30 29 29 29 29 
4 D 25 27 34 26 33 29 30 26 28 26 ~ 
DON 3 A 23 31 38 32 41 34 35 35 35. 32 _ 
1 B 23 33 43 34 44 34 36 33 39 33 _ 
4 C 21 27 34 27 33 28 30 27 29 27 —_ 
2 D 24 30 38 30 37 32 34 31 34 31 ne: 
* Indicates end of work period. 
40 - 
/ 
rie 
: 
iw 
/ 02% 
101°5 102-0 102°5 103-0 103°5 


Rectal temperature (°F.) 


Fig. 1. Series 3 tests: the solid line shows the regression of heart rate on rectal temperature in | 
‘recovery’, with the subjects either drinking water or abstaining from drinking altogether. 
The regression equation is P = 1-37' - 80-55 (P =heart rate, 7’=rectal temp.), and is extra- 
polated one s.D. each side of the mean. The symbols and the broken lines show the mean 
recovery (#) and immediately post-work (W) values for the subjects taking nothing ( x), 
drinking water (+), drinking 0:2% saline (@) and 0:5% saline (©) respectively. (Only 


values after 60 min exposure taken.) 
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and not drinking. On the same figure are shown the mean post-work and mean 
‘resting’ values for each of the four regimes individually, The heart rates of the 
subjects taking saline were considerably lower than might have been expected 
if they had been governed solely by the lower rectal temperatures. 
Series 4 

Ninety tests were carried out, of which two were discarded for technical 
reasons. The number of tests undergone by each subject in each regime is 
shown in Table4 and Table 5 (a) shows rectal temperatures, pulserates and sweat 
losses at selected times for all tests on one subject and, for the other subjects, 
the mean values for each routine. Table 5(b) shows the final water and salt 
balances in each test for all subjects. The disparity between the number of 
tests undergone by the different subjects* makes it difficult to apply strict 
statistical methods in the comparisons. However, according to Snedecor 
(1948), a preliminary analysis of variance ignoring the differences in cell 
numbers, is useful as an indicator, either of the absence of differences, or of 
major differences. 


Tas_e 4. Summary of experiments done in series 4 


Regime ... I It IV 
Water Salt Water = No water, 
Subject only only and salt no salt 
IKE 10 6 8 6 
DON 7 6 8 7 
ERG 6 + 2 8 3 
ELL 6 1 1 3* 


* ELL did drink in these tests but most inadequately and ended up in gross negative water 
balance (>1-3 1.). Hence these were treated as if belonging to regime IV. 


In the present instance the preliminary analysis has been carried out as follows: a 4 x 4 table 
has been contructed, rows corresponding to individuals and columns to treatments, each cell 
therefore containing the results for one individual undergoing one of the four treatments (the 
modifying effect of the diuretic doses of water were not considered large enough to justify separate 
consideration, and the sea-water doses were only given in treatments (II) and (III) in which salt 
was already being given). For each row or column the value (Sx) was calculated. The ‘sum of 
squares’ for persons was calculated by summing the 7Sz values for rows and subtracting the 
correction factor (29x) for the whole series, and the sum of squares for treatments was obtained 
from the columns in a similar way. Some allowance was therefore made in the manner of making 
the calculations for the unevenness in group numbers. | 


The arithmetical labour involved in making complete allowances for the 
unevenness was not considered justified as marginal differences were not 
being sought for. Although the statistical comparisons were made between 
the unweighted means, weighted means were also calculated and are shown 
in the text. 


* The eleven tests on subject ELL were included as it was considered that to exclude them 
wastequivalent to suppressing data. Statistical analysis of the results, on subjects IKE, DON and 
ERG only, lead to the same conclusions as when all the results are considered. 

2 PHYSIO, CXXVII 
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Rectal temperature (° F) Heart rate (beats/} min.) 
Time after entry (min) Time after entry (min) 
Regime 0 10 50* 60 100" 110 150* 160 10 50* 60 100* 110150* 160 
Subject DON—observed values 
Ia 985 986 1008 1013 1026 1026 1028 1030 23 36 324 33) 31 36 34 
98-6 986 1005 101-1 101-8 101-7 1020 1020 24 38 31 36 32 36 34 
98:4 984 1008 1010 101-7 101-8 1020 1020 22 36 30 30} 29} 314 30 
98-8 988 101-2 1016 1018 1018 1018 1018 19 40 30 30 27 33 30 
Ib 985 987 1010 1015 102-7 102-7 102-5 102-4 26) 424 313 38 36} 35} 38 
98:8 988 1015 101-6 102-7 1029 103-1 10830 22 37 30 36 31 35 33 
98-2 982 1006 101-0 1025 1025 1025 1025 _ 23 24 28$ 35 32 33} 31 
Ila 988 988 1016 1021 1034 1035 — — 2 9 2 3 31 -— — 
98-6 986 101-2 1016 1030 1082 — — 24 39 34 39 36 — — 
98:4 984 1010 1015 1029 1081 — — 19 37 3 30h — — 
IIb 986 986 1008 1012 1023 10226 — — 19} 364 30 35 31 — — 
98-6 986 1005 1010 1024 1024 — — 2 35 33 330 -— — 
Ile 989 988 101-1 1015 1026 10226 — — 91 9 31 3 2 — — 
Illa 99-1 99:3 1015 1020 1030 103-1 103-0 102-8 393 39 374 36 
99-6 995 101-4 1019 1026 1025 102-8 102-4 37 354 36 31 
99-0 990 101-2 101-6 1023 1020 1020 1020 23 30 32 36 28 36 30 
IIIb 985 986 1006 100-1 1023 1023 1025 102-4 24 39 334 35 32 35} 324 
98-4 984 1006 101-0 101-7 101-6 101-7 1015 22 34 29 38 27 29 27 
98-4 982 100-7 101-0 1016 101-4 101-1 101-1 19 33 26 31 28 32 28 
IIIc 986 98-4 1005 1008 101-7 1015 101-4 1013 25 40 33 33 31 34 29 
98-4 984 1008 1012 1018 1018 — — 23 38 32 3% 9 — — 
IVa 983 983 1008 1015 1080 1031 103-4 1036 214 39 333 36 35 36 38 
98:3 988 101-4 1020 1032 10385 — — 24 30 37 40 83— — 
99-0 99-0 1015 1021 10386 10308 — — 10283 2s — 
98:2 984 101-4 1018 1031 10380 — — 
98-9 988 101-4 1020 1034 1023-4 — — 3 41 343 
IVb 98-7 98-7 100-7 101-4 1029 103-2 1040 1088 24 41 33 40 354 44 40 
98-7 983 1008 101-4 1025 10380 — — 23.9. 32 9 40 -— — 
Subject IKE—mean values 
Ia 985 984 1009 101-2 1015 1013 1013 101-1 24 40 30 34 29 34 30 
Ib 98-7 98-75 100-85 1009 101-6 1015 1015 101-4 26 39 31 39 32 35% 31 
Ila 983 983 1010 1012 1019 10106 — — — 
IIb 98-35 98-3 100-75 101-15 1018 10185 — 
Ile 98-4 98-4 101-0 1012 1082 1018 — — 
Illa 98-55 98-6 101-25 101-35 101-7 101-5 101-35 101-15 24} 384 30 _ 28 33 293 
IIIb 98-4 98-35 100-55 100-55 100-95 100-65 1008 1006 24 35 27 26 294 25 
98-45 985 101-0 101-25 1017 10145 — 2% 41 35 34 — 
IVa 984 9835 1012 1015 1025 10222 — — 25 404 33 oe = — 
IVb 98:5 9855 1005 100-7 1015 101-35 101-75 101-65 25 38 30 30 39 32 
Subject ERG—mean values 
Ia 98-8 98-85 101-25 101-7 102-35 102-2 102-1 102 28 44 37 
Id 980 982 1006 1009 1016 1013 — — 27 41 
IIe 989 98-8 10085 1012 — (10204 — — 2 423 38 — (30}7) — 
Illa 98-75 98-6 101-1 101-35 10205 1020 102-2 1021 25 43 333 38 35 39} 354 
IIIb 99-55 995 101-75 101-95 10255 1024 — — 28 403 33 35 32 — — 
Ille 982 983 1012 1013 1020 10220 — — 2 46 38 44 40 — — 
IVa 988 98-75 1012 1015 1029 1029 — — 264 434 38 4540} — — 
Subject ELL—mean values 
Ia 995 995 102-15 1024 1082 1082 — — 27 45 403 43336 — — 
Id 99-65 99-5 102-8 103451083 — — 4 — 
Ila 993 995 102-4 1029 1041 1041 1043 1041 21 48 87 44 40 45 34 
Illa 99-4 99-4 1026 1029 1040 10385 1041 — 2 45 35 44 36 46 — 
IVb 995 995 10225 1028 103751087 — — 24 46 39346 38 — — 
Notes. 1: a, b, ¢ and d indicate length of exposure (see notes to table below). 2: ¢ indicates 
test in that series which lasted 160 min. 3: f indicates value obtained by extrapolation. 4: g indicates 
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TABLE 5(a). Rectal temperatures and heart rates at representative times during exposure and overall sweat product 
the series 4 tests, for each of the regimes, (a) with no extra water, (b) with a single extra diuretic dose of water, 
(c) with a drink of sea water. End of work periods marked by asterisks. Exposure time 160 min extept as indi 
otherwise by small letter at ‘sweat production’. To indicate the range of individual variation all the values for 
subject are shown; means only are shown for the other three. For number of tests in each group see Table 5(}). 
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four tests only of a series of five. 
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(a) Endurance. In each of the seventy-six tests on subjects IKE, DON and 
ERG, there was no special incentive for them to continue beyond a certain 
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~~ Tasie 6 (0). Water and salt balances at end of exposure for all four subjects. Complete replace- 


ment of sweat losses was rarely achieved owing to the difficulty of anticipating actual losses 


in the last rest period. Values in square 


discarded. 
Subject DON 
Water Salt 
balance balance 
Regime (ml) (g) 
Ila -—-894 -—16-6* 
—~324 -19-4 
-385 -21-6 
-25-9 
{[-319 -16-7] 
Id +47 -—18-2 
+305 -18-2*-- 
+288 -25-2 
Ila —2933* -3-0 
-—3272* -3-5 
—2975* -3-1 
—2468* -4] 
—1880* -3-2 
IIc —1665* + 16-7 
-477 -36 
-~497 -38 
-197 -3-1 
+118 
+468 
~147 -42 
428 +156 
+91% +151 
IVa ~3829 -15-2 
— 3226" -12-9* 
—$418* -—15-2 
— 3288" 
—2651* -13-8 
IVb -3193 -15-6* 
— 2835" -16-8 


Subject IKE 
Water Salt 
ce balance 
(ml.) (g) 
-~313 -—15-0* 
~145 -—17-4* 
+25 -18:7 
+23 —17-8* 
-—20-1 
4506 -14-5* 
-237 -16-4* 
+585 -149 
+556 -14-7 
+755 -14-2 
~2271% +2-2 
—~2431° +146 
-0-7 
-2078 -01 
—1418 
-1871° +8-2 
-464 -28 
~178 
+269 -3-9 
-10 -10 
+455 -2:6 
+398 -13 
[+225 -1-0] 
+393% +16-5 
+416 
-145 
— 20644 -11:3 
— 2024" 
-2547° -15-9 
-2291 -15-4* 
~1903 -15-7 


Subject ERG 
Water Salt 
balance balance 
(ml.)  (g) 
-139 -19-9 
-64 -205 
-118 
256" -15°5 
-—214 
+547" 
— 1292 +189 
+1-0f 
-125 -08. 
-356 -1-0 
-2-4 
+514°  -3-1 
-2-6 
+633 -26 
-—2-2 
+283" +165 
-3961 -21-1 
-3001° -12-7 
—3345" -143 


brackets are those for two experiments which were 


Subject ELL 


| | 


DIAS 


22307 -20-1 
— 1643" 22-8 


1276° 


— 20-9 


Notes. 1: duration of exposure 160 min except as indicated by letter against water balance figure 
as follows: *, 110 min; °, 135 min; *, 90 min; *, 150 min. 2: in balances marked * the chloride 
losses in the urine have not been included, but these losses were negligible. 3: in experiment 
marked ¢ the subject vomited most of the sea water drunk. The necessary correction was made. 


stage of subjective fatigue, if they reached this stage before the end of 160 min 
exposure and dropped out, as they were allowed to do, they were deemed to 


have ‘failed’ in that particular test. The nine tests in which the subj 


ects had 
2-2 
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1 
60-1 

18% Water Salt 
18% balance balance 
(ml) (g) 4 
—9204 -22-0 
— 859° 4 
-138° -16-9 q 
1633 
1508 +355" ~20-2 
17% +182 4 
148 +546® -—19-4 a 
1801 — q 
1770 —2-2 
160% 7 

] 

158 4 
+23 
1884 
102 — 
11% — 
11} 
114 
1} 
1068 q 
1013 — — 
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no water except as 10% saline or ‘sea water’ were all failures. When the | 


subjects were on a regime of a single diuretic dose of water and subsequently — 
only 10% saline, there were four failures in five tests; full replacement of water © 
and salt, but with the addition of the diuretic dose of ‘sea water’ resulted in — 
~ five failures in six tests. The nature of these failures when the subjects had | 
a chloride excess but were water depleted was usually a sudden inability to © 


carry on rather than a gradually increasing fatigue as in the other failures; — 
the subject would say he was in excellent condition and capable of carrying 


on indefinitely, then 10 or 15 min later he would suddenly find he could do no — 


more. When the subjects were taking neither water nor salt there were nine — 
failures in twelve tests, but with a single dose of 750 ml. water at the beginning _ 
of the test the failure rate was only one in four tests. There was one failure in — 


eleven tests in which water and salt losses were completely replaced, and no 
failures in six tests in which there was, in addition, the early diuretic dose of 


water. When only. the water losses in the sweat were replaced there were no | 
failures in the eight tests in which the diuretic water dose was given and only — 


one failure in the fifteen tests in which it was omitted. 


These differences in failure rate were statistically significant. The results : 


were grouped into three: (1) no water but salt, or salt grossly in excess of water, 


18 failures out of 20; (2) neither water nor salt, 9 failures out of 12; (3) water — 
replacement with or without salt, 3 failures out of 41. y* for this distribution — 


was 47-7 (P< 0-001). 
(b) Rectal temperature. In Fig. 2 the weighted means of the rectal tempera- 


tures are plotted for subjects IKE and DON, the two subjects on whom the — 
most complete series of tests were done, for the whole course of the exposure | 


for each of the four treatments. The rectal temperatures were the same 


whatever the regime for the first hour of exposure; but in the second hour it | 


rose higher when the subjects were without water or had only as little as 10%, | 


saline than when they were allowed to drink. On the waterless regimes tem- — 
peratures rose to above 102° F and the subjects could not continue for more 


than 110 min, but when water was allowed temperatures never reached 102° F; 
thermal equilibrium appeared to be established at a slightly lower level when 
salt was replaced as well as water. 


A preliminary analysis of variance was made of the rectal temperature at 


110 min. The value of z for the comparison of treatment with discrepance was 
1-42, whereas for the degrees of freedom concerned when P=0-1%, z=0°9. 
Such a low value of P even in this preliminary analysis indicates that some at 
least of the differences due were not likely to be due to chance. The values 
of the unweighted means were: treatment I, 102-13 + 0-085° F (s.z. of mean); 
treatment II, 102-47 + 0-120° F; treatment III, 101-90 + 0-093° F; and treat- 
ment IV, 102-86+0-107° F. The differences between these were significant 
according to the ¢ test except in the case of I/II, wheret = 1-832 (0-05 < P< 0-1.) 
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PERFORMANCE IN HOT ENVIRONMENTS 
The values of the means weighted for persons were, 102-24, 102-68, 102-24 and 


102-95° F for treatments I, II, III and IV respectively. 


(c) Heart rate. The pulse counts of the subjects standing, after 10 min rest 
and 110 min exposure, differed with treatment, but less so than did the rectal 
temperatures. The mean heart rates, unweighted for persons, were 32-6 beats/ 
15 sec+ 0-31 (s.E. of mean), 34:03+0:23, 31-42+0-13 and 34-984+0°17 for 
treatments I, II, III and IV respectively. The only significant differences 
found with variance analysis were between I and IV, IT and III, and III 
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and IV, for which ¢ was 3-62, 4-40 and 4-73 respectively (in each case P< 0-01). 
The weighted mean heart rates at 110 min were 33-1, 36-2, 32-4 and 35-2 


10 20 30 4 SO 6 70 8 9 100 110 120 130 140 150 160 
‘Duration of exposure (min) 


Fig. 2. Rectal temperature changes during a standard routine in a standard climate on different 

regimes of water and salt. Series 4 tests, weighted means for IKE and DON only. Regime I, 

water only: solid line and @. Regime II, salt only: broken line and +. Regime III, water. 

and salt: dotted line and ©. Regime IV, neither water nor salt: dashed line and x. The 
solid blocks indicate the work periods. 


beats/15 sec for treatments I, II, III and IV respectively. 


The effect of work on the heart rate in the different regimes was tested by 
comparing the means for the observed rises in heart rate for all work periods 
after the first two. These means were 4:15 +0-27 (s.z. of mean), 4:84 + 0-46, 
4-03 + 0-28 and 5-16 + 0-60 beats/15 sec for 108 observations with treatment I, 
32 with II, 88 with III and 53 with IV respectively. There were significantly 
smaller rises on treatments I and III when water was being taken, than on 
II and IV which were waterless; the pooled mean for I and ITI was 4-10, and 
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the pooled mean for II and IV was 5-05; comparison between the two gave ; 


t= 2-376 (0-01 <P <0-02). 


(d) Sweat rate. No differences attributable to the different regimes could be — 
expected to show before 60 min exposure, and in many of the exposures on — 
the waterless regimes the subjects did not last beyond 110 min. Sweat pro- 


ductions were therefore compared for the period 60-110 min. In Fig. 3 the 


mean sweat losses during this period are shown for each subject separately — 
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Fig. 3. Series 4 tests: the mean sweat production in the period 60-110 min, for each of the four 
subjects, for each of the four regimes; the subjects are arranged in ascending order of 
sweating capacity, and the regimes, for each subject, in ascending order of sweat production. 
The actual mean in each case is shown by the cross-line in the middle of each block which is 
drawn to include once the standard deviation each side of the mean (or, when there were 
only two observations, the actual range). The broken lines join the means for each of the 
four regimes for a given subject; the figures above the blocks indicate the number of 
observations made. Regime I, water only, is shown by single hatching; regime II, salt 

only, by dots; regime III, water and salt, by double hatching; and the empty blocks show 
regime IV, no intake at all. . 


for each regime, arranged in ascending order for each man. This diagram 
shows that the regime affected the sweat production differently in different 
individuals. The weighted means for the four regimes were for I, II, III and, 
IV respectively 1570, 1469, 1440 and 1503 ml. There was no statistical dif- 

ference between the unweighted means for the respective four regimes of 
1513 + 39-8 ml. of mean), 13544+55-3 ml., 1428+42-8 ml. and 

49:1 ml., respectively. 
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(e) Salt loss. The concentration of chloride in the bag samples was taken as 
being the same as that of mixed sweat from the whole body (Ladell, 1948). 
Van Heyningen & Weiner (1952) have confirmed that this is justified but only 
under those conditions of extreme heat and humidity which prevailed in the 
series 4 tests. : 


The overall sweat salt losses for each successive sampling period were calculated from the 
observed sweat loss and the chloride conéentration in the sample; by summing the successive 
losses in the period 60-110 min and by dividing this sum by the total sweat lost during the same 
period, the mean chloride content of the sweat lost in this 50 min index period was estimated. 

Weighted means calculated in this way were 0-477, 0-535, 0-527 and 0-509 ¥, 
expressed as sodium chloride for treatments I, II, III and IV respectively. The 
corresponding unweighted means were: 0-486+0-0089% (s.z. of mean), 
0-565 +0-0123%, 0-502+0-0096% and 0-518+0-0110%. Statistical com- 
parisons were made between I and II (¢=5-2), I and IV (t=2-27), II and III 
(t=4-01) and II and IV (¢=2-84). In view of the discrepancy between the 
unweighted and the weighted values the only significant difference that can be 
accepted is pipes that. between I and II. 


DISCUSSION 
Part I. The effect of drinking 


The above results suggest that the subjective effect of drinking or of not 
drinking is more marked than the objective effect. The chances of failure in 
the effort to complete a given task in the heat increase with an increasing — 
water deficit and are further increased when there is a relative salt retention; 
but it is difficult to associate this increased risk of failure with any specific 
physiological factors. There are, however, certain changes that take place in 
heat-acclimatized men when not drinking which result, as Hichna et al. (1945) 
showed, in their behaving as if they were no longer acclimatized. 

The effects of drinking either water or saline on rectal temperature, heart 
rate and sweat rate were confused. The series 4 results corroborated the 
observation by various workers referred to in the introduction that a man is 
better able to attain thermal equilibrium if he drinks. Adolph (1946) suggested 
that the higher rectal temperatures attained by dehydrated men exposed to 
heat might be protective; he has a higher skin temperature and so absorbs 
less heat from his surroundings, or, if the mean radiant temperature is less 
than the skin temperature, he radiates more to them. No skin temperatures 
were taken in any of the tests described here, but if Adolph is correct, very 
much greater sweating might have been expected by the waterless men as 
sweat rate is a function of the skin temperature (Robinson & Gerking, 1947). 
Only one subject in these tests, however, sweated most when waterless. 
Adolph’s (19476) animal experiments, moreover, did 3 not show that an 
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artificially increased water intake, given by injection, had any favourable — 
effect on heat tolerance; nor did dehydration result in any’ change in the — 
evaporative loss. q 
In contrast to the series 4 results, in series 3 there was little difference 
between the rectal temperatures reached by the subjects when drinking water — 
and that reached when they were waterless. But lower rectal temperatures 
_/ were found in the men taking either 0-2 or 0-5% saline; the reverse of what — 
had previously been found in field experiments (Ladell, Waterlow & Hudson, © 
1944). Series 1 results also suggest that a man reaches equilibrium at a lower 
rectal temperature when taking salt than when thirsting. The Fort Knox — 
workers have reported similar differences between ‘men on 0-1 7 saline and 
thirsting men. 
In series 1, 3 and 4 when the subjects were taking salt the heart rates were — 
slower than could be accounted for by the lower rectal temperatures. At a 
given rectal temperature the heart rate was lower when the men were drinking 
saline than when they were drinking water, and when they were taking salt 
than when they were taking nothing. These differences were examined statist- 
ically for the series 4 tests; for each of the four regimes of this series two 
regressions of heart rate on rectal tempersture were calculated, one for all the 
observations made after ‘recovery’ and the other for the immediate post-work | 


observations, in both cases only observations made after 60 min exposure §- 


bemg taken into account. These regressions are shown in Fig. 4 (d) showing 
the ‘recovery’ regressions and (a) the immediate post-work régressions; in _ 
each case the regression lines have only been drawn over a range of standard — 
deviation x2 about the relevant mean rectal temperature. : 
There were no significant differences between the regressions for regimes | 
(drinking) and IV (not drinking) (n, = 138, n,=71 pairs, t= 1-899); nor between | 
regimes II (salt only) and III (full replacement of salt and water) (n,=47 pairs, 
_ %=112, t=1-798). In the comparison between I and IT, however, t=5-099; 
between I and III, t=4-256 and between II and IV, t=2-984. These three 
latter comparisons confirm statistically the impression given by Fig. 4 that 
the heart rate in recovery after exercise in the heat did not increase so rapidly 
with a rectal temperature rise when salt was taken; this is irrespective of 
whether water was taken or not. The comparison between III and IV showed 
no significant difference (t= 1-660) possibly because the relative salt balance 
of the body was unchanged during heavy sweating as the sweat collected in — 
these tests was approaching the isotonic at times. The lower ‘recovery’ heart 
rates found in the salt experiments are therefore a special manifestation of 
a difference which extended throughout the whole series of tests. | 
Except for regime ITI the regressions for the observations taken immediately 
post-work did not differ significantly from the recovery regressions; in III, 
however, the comparison gave t=2-26 (n=196, 0-02< P<0-05). But when 
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Fig. 4. Series 4 tests: the regressions of heart rate on rectal temperature, (a) immediately post- 

work, and (b) in recovery, for each of the four regimes. The regressions are extrapolated to 
f twice the standard deviation of the rectal temperature each side of the respective mean. 
The statistical significance of the differences between the regression coefficients is shown 
by the table inset. Regime I, water only, solid line; regime II, salt only, broken line; 


y regime III, water and salt, ‘morse’ line; regime IV, no intake, dotted line. Smith, Robinson & 
? Pearcy’s data (1952) for men working are shown as x for water-fed men, and © for waterless 
nD men. The regression equations are— Regime I : working, P =4:217 - 294-73; resting, P=4-02T 


377-62. Regime II: working, P=2:11T — 177-41; resting, P =0-957' 68-96. Regime III: 
working, P =3-287 — 300-21; resting, P=1-997'- 170-74. Regime IV: working, P =2-70T 
~ 237-06; resting, P =2-917' — 262-88. 
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the ‘work’ regressions for the four regimes were compared statistically the 


differences found were not the same as for the recovery regressions. 


The similarities were a significant difference between I and II (n,=10/7, 
= 32, t= 2-525) and no differences between II and III (n,=32, n,=88 pairs, 
t= 1-378), or between III and IV (n, = 88, n,=53, t=0-864). The changes were: 
a significant difference now between I and IV (t=2-37) and no differences — 


between I and IIT (¢=1-74) or between II and IV (¢=1-58). 


These differences might be interpreted as indicating that, while the effect | 


of salt was to diminish the apparent dependency of the heart rate on the 


rectal temperature during ‘rest’ in the heat, the effect of water, either with or 
without salt, was to maintain the exercise tolerance; the flatter regressions 


with higher mean heart rates seen in waterless regimes indicating that the 
heart was approaching a limiting rate with exercise even at low rectal tem- 
peratures so that with higher rectal temperatures no further increases were 
possible. 

Because ‘drinking’ has usually meant taking 0-1% saline, this difference 
between the effects of saline and water has not been described by other 
authors. The Fort Knox team reported lower heart rates in men when they 
were drinking 0-1°% saline than when their fluid intake was restricted; but 
Adolph (1946) concluded that there was no advantage to be gained by taking 
salt in short exposures; Pitts et al. (1944) reported likewise. Smith, Robinson 
& Pearcy (1952) found that the heart rates and rectal temperatures were lower 


both at work and at rest in men fully hydrated than in men with a water deficit 
of from 4-56 to 6-09% of their body weight. As was to be expected, the true — 


resting values for heart rate and rectal temperature which they reported were 
- considerably lower than the ‘recovery’ figures given here; viz. for water-fed 
men, 99:2° F, 130 beats/min and for waterless men, 101:3° F, 98 beats/min 


compared with 102-4° F, 140 beats/min. But, as shown in Fig. 4, their work — 


values fall very close to the present regression lines for ‘ working, fully hydrated’, 
and ‘working, waterless’. Adolph (1946) also found that the heart rate of men 
working in the heat was affected by the state of hydration. With an increase 


in water deficiency the rise in heart rate during work became greater; his 


charts indicated that the working heart rate rises from 122 beats to 125 beats/ 
min as the water deficit increases from nil to 2-6% of the body weight; but 
a further water deficit of 0-9°% increases the heart rate to 130 beats/min. 
No effect of drinking on the sweat rate can be clearly distinguished in any 
of these tests. Opinion by other workers as to the effect of drinking or of 
dehydration on the sweat rate is much divided. The present results show that 
the effect of salt depends upon the level of intake. In the three short series 
of tests, when subjects took saline less concentrated than their own sweat their 
sweat rates increased, but when they drank saline more concentrated than 
their sweat the sweat rate diminished. Accurate replacement of the salt loss 
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1e as in regimes II and III did not affect the sweat rate. Other workers have 
reported likewise; Pitts et al. (1944) found that the sweat rate was better 
fi maintained by drinking 0-2% saline than by drinking water; but the same 
he workers later reported (Johnson et al. 1944) that 0-2 % saline lessened the rate 
he of sweating at the beginning of work in the heat, i.e. when the body tempera- 
8 | ture and skin temperature were presumably low se hence the salt intake was 
3 probably greater than the sweat loss. 

st Lee & Mulder (19355) noted a sudden increase in the amount of visible 
e sweat on the skin after drinking a lot of water; the same phenomenon was 
ro probably meant by Hunt (1912) when he described increased sweating by 
18 water-deficient men in response to water drinking. But this transient increase 
e in sweat rate is, as Adolph points out, self-regulating. With more sweat on the 
\- skin there is more evaporation in a non-limiting environment, the skin there- 
e fore becomes cooler and sweating is automatically decreased again. The actual 
outburst of sweat is just a manifestation of the well-known sudomotor reflex 

e of deglutition (Bazett, 1949). 
r In the series 4 tests, the chloride concentration of the sweat was greater 
y when salt was taken. The skin temperature may be the controlling factor for 
t the chloride content both for arm sweat (Robinson, Gerking, Turrell & Kincaid, 
1950) and for whole body sweat (Weiner & van Heyningen, 1952a). Bazett 
D (1951) suggested that the skin temperature and rectal temperature are so 
r closely linked that the one is the reflexion of the other. It might therefore 


tr be expected that, as the subjects had lower rectal temperatures when taking 
e salt than when not taking salt, the chloride content of their sweat would also 
e be lower. This has been reported by Johnson et al. (1944) and by Lee et al. 
d (1941). But a low daily salt intake diminishes the salt loss in the sweat 
a (McCance, 1938) and a high salt intake increases the chloride content of arm 
ee sweat (Ladell, 1945) also of whole body sweat (Weiner & van Heyningen, 
’ 19526). In these tests enough salt was given to cover the salt losses in the 
n sweat as estimated from the arm bag samples; this was probably too much 
e rather than too little. In the tests by other authors in which salt decreased 
8 the chloride content of the sweat complete replacement was not necessarily 
| achieved, nor, apparently, even aimed at. There are probably two factors at 
t work; first there is the ‘improvement in performance’ indicated especially 
by the lower rectal temperature, which results in lower skin temperature and 
hence in lower sweat chloride; and secondly, the direct relationship between 
the available chloride in the body and the chloride content of the sweat. It is 
not surprising therefore that the results of giving salt are equivocal. 


Part II. The underlying physiological mechanisms 


The physiologically normal sweating man is one who most nearly succeeds 
in maintaining his original, pre-sweating state, that is a man who is replacing 
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his water and salt losses by drinking. The emphasis should be not on the effects _ 
of drinking, or of taking salt, but on the effects of not drinking water or of not — 


taking salt. 


The more important ways in which abstention from water or salt can act : 


are by means of: 
(1) The direct effect of an accumulating water debt. 


(2) The effect of a redistribution in body fluids due to water or salt depletion | 


or both. 


(3) Changes in adrenal cortical activity secondary to either of the wae two. 


(4) Variations in renal activity. 
(1) The effect of an accumulating water debt 


There was not, in any of these tests, any consistent association ehdabiiieen 
tion in performance with the accumulation of a water debt, but body tem- 


peratures tended to be higher and heart rates to be faster in men who did not 
drink. Abstention from drinking also diminished the exercise tolerance. 


Although it seems unlikely that any man could lose a high proportion of his 


body water and continue to sweat at the same rate, the sweat rate, also, was 
not obviously affected by a water debt; this is shown by the scatter diagram 
(Fig. 5) on which every observed sweat rate after 60 min exposure in series 4 
tests is plotted against the corresponding water debt calculated for the be- 
ginning of the sweating period (a) for a heavy, and (6) for a light sweater. This 


is comparable with what has been described in men who abstain from water _ 
under temperate conditions. A man can lose 5% of his body weight when | 


thirsting without showing gross physiological changes. In the first 24 hr 
without water a non-sweating man excretes almost as much urine as when 


he is drinking (Ladell, 1947). It is only when he has lost a litre or more of — 
urine and about the same quantity as insensible water loss through skin and ~ 


lungs that his urine flow begins to fall to the basal level. Adolph (19472) 
describes a progressive diminution in salivary flow with dehydration, but 
this author found little change in salivary activity until the subject had been 


without water for 24 hr and incurred a water debt of 21. or more. These — 


observations on urine and saliva may be looked at in two ways: either the body 
can withstand a loss of approximately 2 1. before renal or salivary activities are 


affected; or the body has available for such purposes approximately 21. of 


water which, by analogy with Lusk’s ‘free circulating protein’ could be called 
“free circulating water’ and, until this store is used up, bodily function con- 
tinues unimpaired. If the latter concept is correct, then sweat rate might also 
not be affected until the ‘free circulating water’ has been used up and a water 
debt of at least 2 1. incurred. 


The results of the series 4 tests were examined from this point of view. Only 


results in the second half of each test were considered; this was to ensure, — 
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first that the men were sweating well and second that thermal equilibrium 
was being approached. Sweat rates were calculated for each 10 or 15 min 
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Fig. 5, Scatter dingroms showing the lack of association between sweat rate and water balance 
in two different subjects. DON was a heavy sweater and IKE was a light sweater. Both were 
fully acclimatized. 


period between successive-weighings and also the corresponding water debts 
for the beginning of each period. The average sweat rate for the period 
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60-110 min was calculated for each of the four subjects separately; the sweat — 


rate/water debt figures were then classified : 


(1) Into two classes according to sweat rate, either above or below the — 


mean rate for 60-110 min for that subject. 


(2) Into four classes according to water debt or water balance: (a) positive ‘ 
water balance; (6) water debt of not more than 1249 ml.; (c) water debt of — 


1250 and up to 2499 ml.; (d) water debt of 2500 ml. or more. 
The results of this chasaihontion were included in a 2x4 table (Table 6). 


TaBLE 6. The distribution of high and low sweat rates according to water balance 


Water debt 
Positive | 2500 ml. _—‘Total 
: water 0-1249 1250-2499 and any 
Sweat rate — balance ml. ml, - above balance 
Above mean for subject 53 107 39 5 204 
Below mean for subject 114 181 63 28 386 
Total all rates 167 288 102 33 590 


Means: DON, 33-5 ml./min; ELL, 34-0 ml./min; IKE, 22-0 ml./min; ERG, 30-5 ml./min. 
The 590 sweat rates so classified showed a significant irregularity of distribu- 


tion among the four water-debt classes: x? = 9-62, 0-02 < P<0-05. The uneven 


distribution is almost entirely due to a preponderance of low sweat rates when 
the water debt exceeds 2500 ml. To exclude the possibility that this associa- 
tion of low sweat rates with large water debts might be due to the fact that, 


in general, large water debts might only have been found towards the end of — 


long exposures in the heat when sweat rates would in any case be low owing 


to fatigue (Gerking & Robinson, 1946; Ladell, 1945), the number of times water _ 


debts of more than 2500 ml. were incurred within the first 110 min of exposure 
was counted; of the thirty-three occasions on which this large water debt was 
found, on eighteen occasions it had been accumulated within this period and 
therefore before fatigue of the sweat glands could be expected. If the low 
sweat rates were attributable to fatigue the ratio of low sweat rates to high 
among the high water-debt group would have been 15:18; the actual observed 
ratio was 28:5. Comparison between these two ratios gives y?= 20-6, which is 
highly significant. The low sweat rates were not therefore a manifestation of 
fatigue and it appears that sweating, like two other functions of the body 
concerned with water as raw material, is not affected by water debt until that 
debt has become considerable. Any failure to show deterioration in sweat rate 


when subjects abstain from water is probably due to their having failed to 


contract a sufficiently large water debt. 


(2) Changes in fluid distribution | 
In a previous communication (Ladell, 1949a) the alterations in fluid dis- 
tribution calculated from the observed changes in water and salt balance and 
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¢ § in chloride concentration of the plasma were reported for twenty-seven of the é. 

: eighty-eight tests of series 4. The mean alteration in intracellular fluid volume, 
e §f AI, in those tests in which full replacement was attempted and hence in which 

| conditions were approximately normal was +330 ml,; the twenty-seven tests 
Be were, therefore, divided into two groups, A, in which AJ was+330 ml. or 
f § more (sixteen tests), and B, those with AJ less than+330 ml. or negative. 
Statistical comparisons were then made between the mean rectal temperatures 
and between the mean heart rates of the two groups, all values after the first 
60 min exposure being included, but the working and the resting values being 
considered separately. The resting rectal temperatures were approximately the 
same for each group: group A, 71 observations, mean 102-37° F + 0-095 (s.r. 
of mean), and B, 46 observations mean 102-31° F + 0-094 (¢=0-3873). The 
corresponding mean heart rates did however differ: for A, 35-0 beats/15 sec 
+0-40 and for B, 37-6 beats/15 sec + 0-66 (t= 2-363, P=0-02). Both tempera- 
tures and heart rates measured immediately post-work differed. between the 
two groups; the mean of the 53 observations on temperature in A was 
102-53° F + 0-092, and of 37 observations in B was 102-97° F + 0-147 (¢ = 2-666, 
: P=0-01). The corresponding mean heart rates were: for A 39-2 beats/15 sec |” 
A] = +0-503, and for B 41-9 beats/15 sec + 0-575 (¢= 3-387, P=0-01). The regressions 
A of heart rate on rectal temperature were calculated for each group for both 
f working and resting conditions; the lines are shown in Fig. 6. There is a 
y significant difference between the two ‘working’ regressions, t= a4 -397; heart 
¥ rates are higher in B but the rise with temperature is less. There was no 
B 6 difference between the ‘resting’ regressions. ‘In A there was a significant 
difference between the ‘working’ and the ‘resting’ regressions, t= 2-909; but 
no such difference between the two in B. The lack of difference between the 
working and resting regressions in B and the high level of the resting heart 
rates in this group may be interpreted as indicative of poor recovery after 
exercise; the heart rate when AJ is negative (or below ‘normal’) becoming high 
and remaining high. 

The association of Al values of +330 ml. and over with low heart rates and 
- low rectal temperatures, and of AJ values of less than +330 ml. or negative 
with high heart rates and rectal temperatures is further suggested in the 
scatter diagrams shown in Fig. 7. Fig. 7a shows the final rectal tem- 
peratures and Fig. 7b the final heart rates; if the distributions of high and 
low rectal temperatures (relative to-the mean for the whole 27 of 102-7° F), 
and of high and low pulse rates (relative to a mean of 33-5 beats/15 sec) 
between tests in which AJ was above or below +330, the distributions are 
as follows: 


Rectal temperature mean: Al 330, 11; AZ below +330, 2. 
4 Rectal temperature anare mean: AJ above +330, 5; AZ below +330, 9. 
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And for heart rates: 


Rate below mean: AJ above +330, 9; AJ below +330, 2. 
Rate above mean: AJ above +330, 7; AJ below +330, 9. 


Applying Yates’s correction for continuity, x for the rectal temperature dis- : 
tribution was 2-19, giving 0-005 < P < 0-025 (Fisher & Yates, 1948) (these values 


of P refer to one tail of the distribution only). The relative infrequency of low 


rectal temperatures when AJ is less than +330 ml. or is negative is therefore 


45 


Heart rate (beats/tmin) 


100 101 103 104 105 
Rectal temperature (°F) 


Fig. 6. Regressions of heart rate on rectal temperature in recovery and immediately post-work. 
Lines A and B show the regressions when Al is above 330 ml., for work and recovery 


respectively; lines C and D show the regressions for when AI is less than 330 ml. or is 
negative, again for work and recovery respectively. Each regression is extrapolated to twice 


the standard deviation of the rectal temperature on each side of the mean which. is also 


indicated. A: shown by solid line, mean as ©; equation P =4-617' — 433-2. B: shown by 
broken line, mean as x; equation P =2-757' — 246-2. C; shown as ‘morse’ line, mean 
as x; equation P=1-117'-72-5. D: shown as dotted line, mean as [-]; equation 
P =2-03T — 170-37. 


unlikely to be due to chance. In the case of the heart rates, analysis of the 
distribution as shown gives x=1-58 (corrected for continuity) which is not 
significant (P=0-05). But of the two occasions when low heart rates were 


associated with AJ below +330, in one case AJ was still above +320 ml.; 


if the demarcation line between ‘ igh ’ and ‘low’ Al be redrawn at +320 ml. 
instead of +330 ml., x for this distribution, corrected for continuity, is 2-09 
(0: ‘005 < P < 0-025). 


There was no association in these twenty-seven tests between AJ and either 


sweat rate (see Fig. 7c) or chloride loss. But in view of the significant associa- 
tion of AZ with heart rate and rectal temperature it was thought that, if all 
tests could be considered in terms of AJ, certain of the apparent anomalies 
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described in this paper might be accounted for, as comparatively small changes 
in intake can sometimes change a positive into a negative AJ. The data for the 
twenty-seven tests for which AJ had been calculated were, therefore, examined 
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Fig. 7. Scatter diagrams showing the association of (a) final rectal temperatures, and of (5) final 
heart rates with AJ. The broken cross-lines are drawn at AJ = +330 ml. and at the means for 
rectal temperature, heart and sweat rate respectively. For comparison in (c) the sweat rates 
in the last 15 min of exposure are also plotted against AJ; here there is no association. 
Figures from Ladell (19494). For convenience the points for AJ = — 3-85 1. have been omitted; 
the corresponding values were: for rectal temperature, 104-1° F; for heart rate, 34 beats/ 
15 sec; and for sweat rate 28 ml./min. 


to see whether any general expression could be derived, giving AJ in terms of 
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If the initial chloride space in litres is taken to be numerically vik to one- 
fourth of the body weight in kg (Keith) 1953) and, for the purpose of these 
calculations, actually equal to the ex ular fluid volume, then with 
a change in chloride content of the fluid’ om C; to C, g/l. (expressed as sodium 
chloride) a loss of 6 g of sodium chloride results in a change in chloride space, 
AE, in a man of initial ™_~ M,,, where 


From this equation and from the Es in the water alance, AW, AI may 


be cajculated as AW =AE+AI. In essence equation (1) is based on considera- 
~ tion of the changes i in the chloride content of the body, AS, which is i but 


opposite in sign, to the salt loss 6, and 
AS = =E,AC+(C,+A0)AE, 


where #,=initial extracellular fluid volume and AC=C,—C,, but 


and the small product ACAE is negligible, whence: — 


AS=}M,AC + —AI —b, 
and so | 


Al (b-+C,AW +EM,AC), (2) 


If the chidrids concentrations of the extracellular fluid and of the plasma are 


_ taken as equal, then the changes will also be equal, ie. AC=AP. In the 


twenty-seven tests in which AP was measured significant correlation (r=0-82, 


~ t=7-09) was found between it and a quantity, B, the ‘functional salt balance’ 


(cf. Black, 1952), where B= —(b+AW (,). When B i is expressed in g NaC! 
and AP in m.equiv/l. the regression equation is 


AP =0-313B—0-73. 


But from the scatter diagram in Fig. 8 it is apparent that the constant term 
may be ignored, then AC =AP =aB, and if C, is in g/l. a=0-01831. Substituting 
this value for AC in = (2) gives 


+AW) (1 —0-00458 | (3) 

1 

0.00458 M,). 4) 
| 


The change in intracellular fluid volume is therefore a function of the quantity 
B and may be predicted, using equation (3), from the initial body weight and 
‘chloride concentration in the plasma (assuming this is equal to the extracellular 
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chloride concentration) and from the changes in water and salt balance. The 
correlation coefficient of values ‘predicted’ from equation (3) with the ‘true’ 
values, derived from equation (1) is 0-95, which is highly significant (¢= 14-9), 
and the regression coefficient of the predicted on the true value, calculated so 
as to pass through the origin is 0-933, which does not differ significantly from 


plasma Cl (m-equiv/!.) 
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concentration; for explanation see text. The solid line shows the regression of plasma chloride 


change (AP) on the ‘functional salt balance’ (B). The broken line is parallel to this regression 
line but passes through the origin, and shows the effect of ignoring the last term in the 
regression equation (see text). 


unity (¢=0-37); in fact, as Fig. 9 shows, AI may be calculated almost as well 
from equation (3) as from (1). Equation (3) may be further simplified by 
inserting a mean value of 100 m.equiv/l. (5-85 g/l.) for C,; this reduces the 
correlation to 0-92, but reduces the mean difference between the predicted and 
the true values from +112 ml. to +82 ml.; finally the substitution of a 
standard value of 60 kg for M, gives the simple relationship 


AI =0-725AW +0-1230. (5) 


Fig. 10 shows AJ, calculated from equation (5) for all combinations of AW 
and b, Using this chart AJ at 110 min was determined for all the eighty-eight 
tests in series 4; Table 7 shows these values, together with the corresponding 
rectal temperatures and heart rates, and the sweat rates for period 000-110 min. 
From these data 2 x 2 tables were constructed (Table 8), showing the distribu- 
tion of high and low rectal temperatures, heart rates and sweat rates among 
tests in which AZ was negative (or unchanged) or positive. Statistically 
| 3-2 
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significant irregularities of distribution were found for all three functions; 


heart rates below 120 beats/min, rectal temperatures below 102° F and sweat 


rates above 32 ml./min were rare in tests in which AI was negative. The 
probabilities of the various x values occurring by chance were below 0-025 in 
every case. Thus when there was a fall in the intracellular fluid during exposure 
to and exercise in the heat, there were statistically significant tendencies for 
heart rates and rectal temperatures to be high rather than low and for sweat 


rates to be slow rather than fast; that is, the condition of the subject was — 


poor. 
+3-- 
e 4 
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Fig. 9. Scatter diagram plotting AI as predicted from the formula given in the text with that 
calculated from the observed changes in water and salt balance and the changes in the 


chloride contentof the plasma (Ladell, 1949). The line is drawn to the equation AJ (predicted) | 


=AI (calculated). 


Using the chart in Fig. 10, certain generalizations can be made about the 
effect of varying the water and salt intake upon the intracellular fluid volume 
and hence on the basis of the statistical associations found, on the performance 


of the subject in the heat. The lines A, A’, B, B’, OC, C’ indicate some of the — 


more important possibilities, 

(1) No change in AJ should result with full replacement of water and salt 
(point 0); but small miscalculations, especially in the salt reorient, would 
quickly give a negative AI. 

(2) The replacement of water but not of salt is represented by the lines 
A and A’; A’ shows the unlikely situation of overhydration and A the more 
likely state of slight underhydration. In both cases AJ remains positive; the 
subject’s condition is good, sweat rate is high, heart rate and rectal tempera- 
ture are low, but there is danger of heat cramp (Ladell, 19495). 
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(3) Line B shows the effect of replacement of salt. Over replacement would 


give conditions below the line; in both cases A/ is negative with the resultant 
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poor condition. 


Intracellular fluid volume 
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Fig. 10. The relation between AJ (changes in intracellular fluid volume), AW (water balance) 
and 6 (salt loss) during exposure to heat of a 60 kg man. For explanation see text. This\ 
chart may be used to predict AJ from AW and b only, both of which are readily estimated. 
Note that the salt loss is shown by the lines extending obliquely downwards from right to 
left, parallel with the line B-O-B’ and above it; positive salt balance, i.e. salt gain, is below 
this line. For body weights other than 60 kg multiply AJ estimated from this chart by 
(1 - 0-00632 2), where 2 is excess weight over 60 kg; thus for an 80 kg man multiply by 0-874. 


(4) Replacement of salt or water, either inadequately or not at all places 


the subject somewhere between B and the abscissa. AJ will always be negative 


unless 
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ie. if no replacement is taking place, AJ remains negative unless the salt 
content of the sweat exceeds 5-85 g/l. i.e. it becomes hypertonic. 


(5) Line B’ shows the effect of replacing salt and of overdrinking. If a man 
continues to drink, he can take in salt in excess of his losses in the sweat up to 
5-85 g/l. of extra water drunk and still have a positive AJ. This situation is 
represented by the area between B’ and the abscissa. It shows why a man 
drinking and taking plenty of salt nevertheless may sometimes get heat cramp. 

(6) A man who replaces or nearly replaces his water while taking in salt 
faster than he is losing it is represented by the lines C and C’. AI is negative 
and the final condition is poor. 


- Taste 8. Distribution of high and low pulse rates, rectal temperatures and sweat rates according 


to the estimated changes in the intracellular fluid volume. 


AT negative Al 
or unchanged _ positive x? P 
Pulse rates 
120 beats/min and above 33 38 7:89 2-80 <0-01 
less than 120 beats/min 1 16 
Rectal temperatures 
102° F and above 27 30 4-21 2-05 0-025 - 
less than 102° F 
Sweat rates 
32 ml./min and above 2 17 6-63 2°57 0-01 
less than 32 ml./min 32 37 


Note. The correction for continuity has been made in each case by adding 0-5 to the value, in 
each case less than expectation, in the cell with the smallest expectation and then making the 
other corrections accordingly. The velues of P refer to the chance of obtaining a deviation in the 
observed direction as great as or greater than that observed. | ) 


The majority of the results found in the series 4 tests may be predicted 
from the chart; e.g. the ‘failures’ associated with a high salt intake (line C); 
the high rectal temperature associated with replacement of salt alone (line B) 
or with no replacement at all (area above B) and the lower rectal temperatures 
and heart rates found with replacement of water with or without salt (line A 
and point O). Most of the anomalous results that have been reported relate 
to the drinking of saline of a fixed concentration. They are no longer anomalies 
if it is appreciated that a man drinking ‘strong’ saline (say 05%, as in the 


series 2 tests) is in the condition represented by lines C and C". The more 
nearly the salt content of the sweat approaches that of the saline being drunk 


the less rapidly will the salt load increase and so the slower will be the change 
in AI. The result of a test of this nature, therefore, will vary between in- 
dividuals according to the salt content of their sweat. This holds even when 
the subject is not replacing all or any of his water; the greater the rate of salt 
loss in the sweat the slower the rate of diminution of the intracellular fluid 
volume and the longer he remains in good condition. As the same individual 
may secrete sweat of different composition at different times the same ~— 
regime may effect his performance variously. data 
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Certain of the observations on heart rate, however, could not be predicted 
on the basis of alterations in AJ: The heart rates of men taking salt tend to be 
lower at a given rectal temperature than are those of men not taking salt. 
From the regression lines shown in Fig. 4 the resting heart rates at the mean 
rectal temperature for the whole eighty-eight observations, 102-7° F, for the 
man drinking water is 35:3 beats/15 sec; with water and salt it is 33-3 beats/ 
15 sec; for no replacement it is 36-0 beats/15 sec; and when taking salt only 
it is 34-2 beats/15 sec. The lower heart rate with full replacement is to be 
expected as in this condition the subject is most nearly ‘normal’, but the A/ 
changes would suggest that a man taking salt but no water would be worse 
off than a man taking nothing. If, however, the corresponding changes in 
extracellular fluid volume are considered, it is possible to see how taking salt 
could improve the circulation: 


AW =AI +AE, 

AE=AW —AI, 

whence from equation (5), AE =0-275A W —0-1230. If, therefore, salt is taken 
in excess of the sweat loss so that b is negative, then the extracellular fluid 
volume may increase even though the water balance is negative. For this to 
occur it is only necessary forthe saline being drunk to be 2-3 g/l. stronger than 
sweat. When this is the case the negative AJ that results is reflected by the 


high rectal temperature and the low sweat rate, but due to the maintenance or - 


even expansion of the extracellular fluid volume, the circulating plasma volume 
is high and the circulation keeps in good condition with the heart rate slower 
than otherwise it might be; this could be the cause of the spurious sense of 
well-being often experienced by men who are over-salted. 


The transient improvement in circulation seen with a high salt intake isthe _ 


corollary of the earlier observation by Taylor, Henschel, Mickelsen & Keys 
(1943) that men exposed to heat had impaired cardio-vascular responses when 
on a salt intake of only 5 g per day. As predictable from Fig. 10 and pointed 
out by many workers, salt depletion gives rise to intracellular hydration, hence 
a fall in circulating fluid volume. 

The association of changes of intracellular fluid volume with low sweat rate 
reported here and by Adolph (1946) accords with the observation that very 
large water debts must be incurred before there is any fall in sweat rate. It 
has been shown (Ladell, 1949a) that, when subjects were not taking salt, the 
water debt would have to exceed 2-5 1. before AJ became negative; there is, 
in fact, 2-5 1. of water available to the body without drawing upon the intra- 
cellular compartment, which may be taken as another manifestation of the 
“free circulating’ water referred to earlier. Adolph placed the limiting water 
loss for efficiency at the same level—between 2 and 31. 

It is not known why when AI is negative, the rectal temperature should be 
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high and the sweat rate low. The diminished sweating is not due to normally 
developing fatigue as it may be seen before there has been time for fatigue 
to develop. On the other hand, if the secreting cells are affected by the loss of 
\ intracellular fluid, their osmotic pressure will be higher, hence the amount of 
| osmotic work required to produce hypotonic sweat will be greater and fatigue 
| might develop more quickly. The high rectal temperatures cannot be attributed 
to the diminished sweating as, even at the reduced rate under the conditions 
of most of the tests described, there is more than enough sweat available for 
maximum evaporative cooling; these raised temperatures are analogous with 
_ those seen in the terminal stages of death by thirst (King, 1878; McGee, 1906) 
| and with dehydration fever (Du Bois, 1948). Gamble (1944) and others 
| (Elkinton & Taffel, 1942) have shown that in water deficiency there is intra- 
cellular dehydration. Black, McCance & Young (1944) call attention to the 
generalized rise in the osmotic pressure of the body fluids during gradual 
dehydration and suggest this is the actual cause of death: while Winkler, — 
Elkinton, Hopper & Hoff (1944) definitely blame intracellular dehydration, 
pointing out that there ‘certainly must be some lower limit below which (it) 
cannot be tolerated; since the complex metabolism of the cells cannot continue 
in the desiccated state’. This would also account for the low sweat rate-under 
these conditions. 
(3) Alterations in endocrine posts | 
| Barnicot (personal communication) found that a fall in circulating eosino- 
| phils frequently occurred during exposure to heat in European subjects, 
| suggesting some adrenal cortical stimulation in heat stress. Changes in fluid 
distribution might also stimulate adrenal activity; Nagareda & Gaunt (Gaunt, 
1952) reported that, in a rat with a water load equivalent to 5% of its body 
weight, or given high doses of Pitressin, the ascorbic acid content of the 
adrenal was reduced, indicating that either a large water load, or simple 
extracellular dilution stimulates the adrenal. A comparable superhydration 
is difficult to achieve voluntarily in man; a 65 kg man would have to drink 
3}1. in a few minutes. Nevertheless, it has been done a few times in this 
laboratory and a fall in the number of circulating eosinophils was seen in most 
cases, especially with the further administration of Pitressin. In the climatic 
chamber superhydration to a very much greater extent has, however, been 
occasionally achieved; usually intense heat cramps resulted (Ladell, 19490) 
but when this did not occur the subject would show the puffy appearance and 
the sausage fingers typical of overdosage of one of the synthetic cortical — 
hormones, e.g. DOCA. There is therefore reason to believe that in some cases ~ 
a at least overhydration stimulates the human adrenal cortex. 
The body’s response to heat would certainly be affected by variations in 
adrenal cortical activity. Douglas & Paton (1952) reported that both pyrexia 
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and the normal body temperature in rabbits were reduced by the administra- 
tion of adrenocorticotrophic hormone. In man there is indirect evidence that 


adrenal cortical activity reduces body temperature irrespective of thermal 
conditions. One of the criteria of acclimatization to heat is a smaller rise 
in body temperature during exposure; Conn (1949; Conn, Johnston & 
Louis, 1946) has shown that acclimatization is an adrenal cortical function. 
The natural histories of Type Il Heat Exhaustion (Ladell, Waterlow & 
Hudson, 1944) and of the post-prickly heat syndrome suggest endocrine 


fatigue. In both disorders the rise in body temperature under given conditions — 


of work and heat is greater than normal even though the amount of sweat 
produced is more than enough to provide full evaporative cooling (Ladell, 1951); 
here a lack of cortical hormone may be contributing to the higher temperatures. 
Rectal temperatures were slightly lower when the subjects were taking salt 
rather than nothing, or were taking saline rather than water. This is contrary 
to all immediate expectations; taking salt would depress AJ and on general 


considerations would inhibit adrenal activity, either of which effects would be — 
expected to result in an increased rectal temperature. Taking salt in large — 


amounts, however, might either be in itself a stress, or lead, as shown above, 
to an expansion of the extracellular fluid volume, which could stimulate the 
adrenal, 

A direct effect of adrenal cortical hormones cannot be altogether ruled out 
as a contributory cause of any improvements of circulation seen. Administra- 
tion of ACTH will protect animals (Britton, personal communication) and 
men (Conn, Louis, Wark & Springer, 1950) against fainting on a tilt table. 
Horvath & Botelho (1949) have shown that the primary factor in fainting 
could be a ‘running away’ of the pulse; if this is where the adrenal acts it 


could act in the same way on men in the heat, keeping their heart rates down, | 


Salt depletion in dogs stimulates the release of ACTH (Streeten & Vaughan 
Williams, 1952), though it has not yet been shown in man (Doughaday & 
McBryde, 1950). This is not in accord with the present suggestion that excess 
of salt also stimulates the cortex. The difference lies in the mode of action. 
Too much salt could result in a temporary expansion of the extracellular fluid 
and a transient alteration in the osmotic pressure, the probable stimulus. Salt 


depletion results in a permanent and greater fall in the extracellular osmotic 


pressure independent of its volume. The difference is really between an acute 
temporary change and a chronic more permanent one. It is this chronic 
change, a long continued stimulus to the adrenal cortex, which is responsible, 
according to Conn (1949; Conn et al. 1950), for the development of full 
acclimatization to heat and for the fall in the chloride content of the sweat 
when men are kept on a low salt intake. Whatever the mechanism may be, 
however, the ‘good’ effects of a high salt intake, even in the presence of water, 
may be transient and deceptive, and to this extent unlimited salt is dangerous. 
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(4) Variations in renal activity | 

Weiner (1944) reported a suppression of diuresis during exposure to heat; — 
there may also be @ suppression of urine production in subjects not given 
a diuretic load. This effect is by no means constant, it is commoner among 
incompletely acclimatized subjects (personal observation) and there is con- 
siderable individual variation (Smith et al. 1952). If urine production is 
slowed up the rate of water loss is diminished; but if urine continues 
to be excreted the already difficult task of keeping in water balance while 
sweating heavily may become impossible; a man’s maximum sustained 
sweat rate is usually greater than his maximum sustained rate of drinking 
without vomiting (Eichna et al. 1945; personal observations). A subject who 
drinks merely to equal his sweat loss will remain in water balance only if 
urine production is minimal; if urine output remains high, as it sometimes 
does for reasons not always understood, the subject will go into water debt 
with the usual consequences when it reaches the critical value. 


SUMMARY 
1. The effects of drinking water or saline, of not drinking at all and of taking 
salt alone, on fully acclimatized men working in a hot and humid environment 
were investigated in a number of experiments; in some tests the amount of 
water drunk, and/or of salt taken, was equated to the amounts of these sub- 
stances lost in the sweat, in others saline of fixed strength was given in varying 
amounts. 
2, Subjective effects were more marked than objective effects. The chances 
of failure to complete a given task in the heat increased with increasing water 
deficit. Fatigue, usually sudden in onset, was more pronounced when the 
water debt was high. : 

3. Sweat rate tended to be lower in men drinking saline. . Abstention from 
water had no effect on the sweat rate, until water debts of more than 2°51. 
had been incurred. In this respect sweat secretion behaves similarly to urine 
excretion and salivation during dehydration. | 

4. Thermal equilibrium was established at a higher level in men who 
abstained from drinking than in those who did drink, and in those not taking 
salt than in those taking salt. . 

5. The heart rate in recovery increased with rectal temperature less rapidly 
when the subjects were taking salt or saline than when they were not drinking 
or drinking only water. In those taking salt the heart rates were faster at 
low rectal temperatures, and slower at high rectal temperatures, than in those 


taking water only. Exercise tolerance was better maintained by subjects 
when they drank water or saline than when they did not drink or took salt 
only. 
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6. The chloride content of the sweat was higher when salt was taken. 

7. The changes in thermal equilibrium and in heart rates may be predicted 
from the changes in intracellular fluid volume (AZ) which can themselves be 
predicted with reasonable accuracy from the water and salt losses using the 
equation given. 

8. Apparently contradictory responses to given conditions by different men 
at the same time, or even by the same man at different times, can be traced to 
variations in sweat rate and especially to differences in the sodium chloride 
losses in the sweat, which shift the water and salt balance in different ways. 

9. Further modifications of the response to heat may be the result of 
alterations in adreno-cortical activity or of changes in renal function. 


The majority of the experimenta described in this paper were carried out by kind permission of . 


Dr E. Arnold Carmichael, to whom thanks are now due, while the author was working as a member 
of his Medical Research Council team at the National Hospital, Queen Square. I am also indebted 
to Mr A. F. Huxley for his pointing out certain algebraic implications contained in this paper. 
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COMBINATION OF CARBON MONOXIDE WITH 
SHEEP FOETAL HAEMOGLOBIN 


By ESTHER M. KILLICK 


From the Department of Physiology, Royal Free Hospital, School of 
Medicine (University of London), 8 Hunter Street, London, W.C. 1 


(Received 13 May 1954) 


There is evidence that foetal haemoglobin differs in many respects from the 
adult form of haemoglobin. Po 

Purified foetal haemoglobin differs from the adult form in velocity of alkali 
denaturation and in rate of spreading on buffer solutions (Brinkman & Jonxis, 
1935, 1936; Brinkman, Wildschut & Wittermans, 1934), and its solubility 
differs from adult haemoglobin (Karvonen, 1949; Wyman, Rafferty & Ingalls, 
1944). It differs, too, in its affinity for oxygen (McCarthy, 1943; Hall, 1934; 
Roos & Romijn, 1941), although this property seems to be considerably 
influenced by its physico-chemical state within the red cell (McCarthy, 1943). 
The globin of foetal haemoglobin differs from that of adult haemoglobin in the 
details of its chemical constitution (Porter & Sanger, 1948) and in its immuno- 
logical behaviour (Darrow, Nowakovsky & Austin, 1940). 

The adult type of haemoglobin can first. be detected in the blood at or 
shortly before birth in most of the animal species investigated. The blood of 
the new-born goat contains 10% of adult haemoglobin 1 day after birth, and 
the proportion rises to 30%, at 4 weeks of age (Brinkman & Jonxis, 1936). 
In the sheep foetus the blood contains only the foetal type of haemoglobin 
until about the 120th day of intra-uterine life. From this stage to about 
1 month after birth a progressive increase in the adult type of haemoglobin 
is found (Karvonen, 1949). From Karvonen’s data it would appear that at 
full term (147 days) about half the haemoglobin is of the adult type. 

In view of the established differences between foetal and adult haemoglobin, 
it was decided to investigate the relative affinity of foetal haemoglobin for 
oxygen and carbon monoxide by determining its partition between the two 
gases. Blood was available from sheep embryos at various stages of develop- 
ment, and of known foetal ages, and in some cases blood was obtained also 
from the ewe. 
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METHODS 


The blood was rendered incoagulable by the addition of heparin, and was used for the determina. — 


tion of the partition constant on the day on which it was withdrawn from the foetus. In some 
cases, the blood was obtained after midday and it was impossible to complete the determinations 
during the same day. The blood was then kept in the refrigerator during the night, and there was 
no evidence that the value of the partition constant had changed during this interval of time. 


The method used to determine the relative affinity of the blood for oxygen and carbon monoxide : 


was the one used by Douglas, Haldane & Haldane (1912). With this method and using 0-1—-0-2 ml. 
of blood in each tonometer, four points were determined on F ml. of blood. 

The percentage composition of the tonometer gas was determined by analysis in the Haldane 
apparatus for oxygen, and ‘by the iodine pentoxide method for carbon monoxide (Haldane 
& Graham, 1935). After equilibration the blood was diluted in the tonometer with ammoniacal 
distilled water, without the admission of air and avoiding exposure to light. The resulting solution 
was used for the determination of the proportion of haemoglobin combined with carbon monoxide 


by the use of the reversion spectroscope (Hartridge, 1912). 


_ ‘The haemoglobin content of the blood was determined by the use of the Gowers-Haldane 


ter, and in the first series of experiments a reticulocyte count was also performed 
on the ‘foetal blood. 


RESULTS 
The first series comprised twenty-five sheep embryos, whose foetal age varied 
from 62 to 145 days. The maternal blood of the ewe was also tested in five 
cases. The second series comprised five embryos, foetal age varying from 
64 to 142 days; the maternal blood was examined in every case. | 
The relative affinity of the blood for oxygen and carbon monoxide was 
expressed as a constant K, where 


{CO Hb] . KPco 


[0, Hb] Hb] po, 


The values of [CO Hb], poo and po, were directly determined, or saloulated | 
from the results of gas analysis. The value of [O, Hb] was calculated on the - 


assumption that all the haemoglobin was combined with either carbon mon- 
oxide or oxygen. This assumption was justified by the fact that the oxygen in 
the tonometer gas was always about 20% of the total volume. 


The results of the first series of experiments are shown in Table 1. There is : 


considerable individual variation in the value of K (each value is the mean of 
four determinations), but there is no indication of a correlation with the foetal 
age (see Fig. 1). Fig. 2 shows the partition curves obtained with the blood of 
two individual foetuses. One was 80 days of intra-uterine age, and the other 
100 days. They are chosen to indicate the limits of variation observed between 
different individuals. The haemoglobin content of the blood showed an un- 
mistakable increase with foetal age, while the percentage of reticulocytes 
showed an equally unmistakable fall (Figs. 3, 4). 

The relative affinity of the ewe’s haemoglobin for oxygen and carbon 
monoxide varied within the same limits as that of the foetal haemoglobin. 


There is no indication of a difference in this respect between the foetal and the 
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Tasxe 1. The relative affinity of haemoglobin for oxygen and carbon monoxide (K) and 
me reticulocyte count preformed on mane from sheep embryos of varying foetal age. 
ne Serial no. Foetal age — K Hb Reticulocytes 
of foetus in days (mean) (%)* (%) 
as 34 62 130 50-5 10-6 
3 70 120 40-5 9-1 
17 71 49-5 55 
16 80 131 68-5 4-7 
il. { 2 80 118 60-0 4-5 
18 90 60-0 51 
ua 7 90 145 66-0 4:2 
5 100 116 65-0 3-9 
~ 9 100 168 69-5 5-1 
al 8 105 135 68-0 3-2 
on 10 105 152 74-5 23 
le 20 110 118 15:5 2-2 
29 110 147 77-0 1-5 
; 4 26 115 118 83-0 1-8 
ne 38 115 _ 745 30 
ed 15 121 126 78-5 1-3 
30 125 130 72:5 0-7 
27 130 147 89-0 2:7 
6 130 141 85-0 1-6 
d 24 135 156 80-5 1-3 
21 135 134 74:5 2-2 
ve 40 137 137 80-5 0-3 
14 140 158 66-0 0-4 
m 23 143 112 74-5 6-2 
13 145 128 85-0 0-2 
re * 100% equivalent to 14-8 g/100 ml. blood. 
170 x 
x 
od 160 x 
% 
he 150 
x x 4 
130+ 
of } x 
al 
x 
of 120 
x 
er 110 
en 
we 4 0 2 4 6 8 100 120 140 160 
, Foetal age in days 
on Fig. 1. Value of partition constant (K) of foetal blood determined in vitro. 
in. 
he 
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adult types of blood. It is of interest to notice whether the haemoglobin of the 
foetus and the ewe carrying it correspond more closely than pairs of unrelated 
individuals. Table 2 presents the results of examining the blood of ten pairs 


100 
100 
©—© No. 9 
No. 2 90F- x 
80 x . 
x 
70 
gor 
40 
20 
10 
01 O28 03 O04 O58 06 60 70 80 90 100 110 120 130 140 
Percentage CO in tonometer gas ay Foetal age in days 
Fig. 2 Fig. 3 


Fig. 2. Data for the calculation of the partition constant. ©—@, foetus 9, 100 days old, 
20-4% oxygen in tonometers. [[]—[] foetus 2, 80 days old, 20-6% oxygen in tonometers. 
Fig. 3. Haemoglobin content of foetal blood. 100% equivalent to 14-8 g haemoglobin per 100ml. 
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Reticulocytes as percentage of red cells 
+ 


xx x 
KY 
x 

60 70 80 90 100 110 120 130 140 

Foetal age in days 


3 Fig. 4. Proportion of reticulocytes in foetal blood. 


of ewe and foetus, five pairs from the first series of experiments and five pairs 
from the second series. The value of the partition constant for the blood of 
the ewe was almost identical with that of the foetus it carried in eight of the 
ten pairs. Fig. 5 demonstrates this agreement for one such pair. However, in 
the remaining two pairs the agreement was much less close. In the second 
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with age and there was no correlation between foetal age and the value of the 


‘partition constant K. 
3 Taste 2. A comparison of the partition constant (K) for the blood of the foetus 
: and the ewe carrying it 
Foetal K (mean) Hb* 
Serial no, age in r A — 
of foetus ys Foetal Maternal Foetus (%) Ewe (%) 
92 64 130 130 57-0 
90 73 163 153 69-0 81-0 
6 130 141 135 85-0 80-5 
73 133 138 13-5 78-5 
21 135 134 147 74:5 62-0 
130-140 155 119 92-0 64-0 
14 1 158 152 66-0 60-0 
23 143 112 136 74-5 89-0 
82 143 146 145 94-0 55-0 
13 145 128 126 85-0 78-0 
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series, a8 in the first, the haemoglobin content of the foetal blood increased 


* = 100% equivalent to 14-8 g per 100 ml. blood. 


Maternal blood 


i j | 
0 O2 038 O8 06 
Percentage CO in tonometer gas : 
Fig. 5. Data for calculation of the partition constant. ©—®©, foetus 14, 140 days old, 
20-5 % oxygen in tonometers. x— x, maternal blood, 20-5% oxygen in tonometers. 


It seems justifiable to conclude that there is at least a greater tendency 
towards uniformity of the blood, in respect of the partition constant of the 
haemoglobin, between ewe and foetus than there is between unrelated 
individuals, 
DISCUSSION | 
It would appear from these results that the factors, whatever they may be, 
that influence the affinity of haemoglobin for oxygen and that are responsible — 
for the difference in oxygen affinity between the foetal and adult types, 
influence the affinity for carbon monoxide in the same direction and to the~ 


same extent. This hypothesis provides a simple explanation of the a 
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that the relative affinities of haemoglobin for oxygen and carbon monoxide 
do not change with a variation in affinity for oxygen. Since the linkage 


between Fe?* and oxygen so closely resembles that between and carbon 


monoxide it might be expected that the affinity of haemoglobin for each gas 
would be equally affected by any change in its structure that altered its 
affinity for oxygen. Yet when we compare the haemoglobin of different animal 
species we find that this expectation is not fulfilled. Species differences do not 
affect the affinity of haemoglobin for oxygen and carbon monoxide to the same 
extent. As Barcroft (1928) said: ‘Not only does the partition coefficient of the 
equation CO Hb+0,=0,Hb+CO vary, but the variation seems not to be 
a function of the affinity ‘of haemoglobin for either of the gases concerned.’ 

The differences observed in chemical structure between the foetal and adult 
forms of haemoglobin in a single species appear to affect the affinity of the 
haemoglobin for oxygen and for carbon monoxide in the same way and to the 
same extent. Yet the differences in chemical structure between the haemo- 
globins of different animal species influence the affinity for oxygen and carbon 
monoxide to differing extents. Thus if it is established that the variation in 
affinity for carbon monoxide is a function of the affinity for oxygen in the case 
of foetal and adult haemoglobin of the same species, this might provide a clue 
to the functional significance of some of the chemical and physical variations 
that have been observed between different haemoglobins. 


SUMMARY 


1. The constant for the partition of foetal haemoglobin between oxygen and : 


carbon monoxide was determined in vitro for blood of sheep foetuses ranging 
from 62 to 145 days of intra-uterine age. 


2. The values of this constant fell between the same limits for foetal blood — 


and for ewe’s blood. 

3. Evidence is presented that the value of the constant is usually identical 
for the blood of the ewe and that of the foetus it carries. 
_ 4.During the period of 62-145 days of intra-uterine life the haemoglobin 
content of the foetal blood increases with age, while the proportion of reticulo- 
cytes decreases. 


Thanks are due to Dr A. St G. Huggett for providing the blood used in these experiments, and to 
Mrs D. Brinkley for help in many of the carbon monoxide determinations. 
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A CONTRIBUTION TO THE INNERVATION OF THE 
URINARY BLADDER OF THE CAT 


By N. D. EDGE 
From the Biological Division, May and Baker Lid., Dagenham, Essex 


(Received 17 June 1954) 


The present investigation arose from the general interest in these laboratories 
in ganglion-blocking drugs. Whilst studying the effect of these drugs on the 
pelvic nerve—bladder preparation of the cat an anomalous response to atro- 
pine was observed, and this led to an investigation of the innervation of the 
_ urinary bladder of the cat, by comparing the effects of nerve stimulation and 
autopharmacological agents before and after blocking with appropriate drugs. 

In reviewing the literature, Gruber (1933) concluded that ‘the bladder is 
innervated by the sympathetic and parasympathetic systems, each supplying 
both motor and inhibitor impulses, and that there is no difference between the 
effects of these two systems, except the possibility that the parasympathetic 
nerves carry stronger motor impulses’. Langworthy, Kolb & Lewis (1940) 
stated that only the parasympathetic nerves, arising chiefly from the ventral 
root of the second sacral nerve in the cat, may be regarded as motor to the 
detrusor muscle, whereas the sympathetic (hypogastric) nerves are motor to 
the muscles of the ureters, Bell’s muscles and the crista of the urethra, those 
sympathetic fibres running to the fundus supplying only the vascular system 
_ (Langworthy & Murphy, 1939). Evans (1936) came to the same conclusion, 
whereas Kuntz & Saccomanno (1944) believe that some sympathetic fibres 
innervate the detrusor muscle. 

It is generally recognized that atropine reduces tone and rhythmic activity 
in the bladder. Langley & Anderson (1895) and Langley (1911) found that 
very large doses of atropine partially inhibited bladder contraction due to 
sacral nerve root stimulation. This was not confirmed by Henderson (1923), 
although Teitelbaum & Langworthy (1941), using a different method of stimu- 
lation, supported the findings of Langley & Anderson (1895). Henderson & 
Roepke (1934, 1935) found that peripheral stimulation of the pelvic nerves in 
dogs produced contraction of the bladder which was fairly well maintained for 
short periods. Small doses of acetylcholine injected intra-arterially had a 
similar effect. However, after atropine, stimulation of the pelvic nerves still 
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produced as large a contraction as before, but this was not maintained, whilst 
doses of acetylcholine which were effective before atropine, were completely 
inhibited after atropine. Larger doses of acetylcholine were still effective in 
causing @ spike contraction, although as with pelvic nerve stimulation, the 
contraction was poorly maintained. These authors suggested that two separate 
mechanisms exist, one for the production of the initial contraction and one for 
the maintenance of tone. The first mechanism, produced by pelvic nerve 
stimulation and large doses of acetylcholine after atropine, they referred to as 
the ‘ganglionic contractile’ response, suggesting that the large doses of acety]- 
choline were stimulating the neurones of the parasympathetic ganglia and not 
the fibres of the detrusor muscle. They believed this response to be mediated 
by non-cholinergic fibres. The other mechanism, seen only with relatively 
prolonged pelvic nerve stimulation and small doses of acetylcholine before 
atropine, they named the ‘peripheral tonic’ effect. 

Langworthy e¢ al. (1940) found that stimulatjgn of the sympathetic fibres to 
the bladder caused a rise of pressure followed by a fall below the original level, 
if the volume was constant, and if the pressure was constant a decrease fol- 
lowed by an increase in volume occurred. Excitatory and inhibitory effects 
have been ascribed to adrenaline, according to the conditions of the experiment. 

The work reported in this paper has been confined to experiments on the 
cat, the species on which most previous work has been done, since although 


_ Langworthy e¢ al. (1940) believe that the physiology of the bladder is similar 


in all species, Elliott (1907) found considerable species differences. 


METHODS 
In situ experiments | 
Experiments were performed on female cats anaesthetized with chloralose (80 mg/kg) intra- 
venously; in one experiment pentobarbitone sodium was used. The operative procedures allowed 
sufficient time for the ether used for induction to be blown off before the experiment began. This 
was important since Macdonald & M’Crea (1930) have shown that different depths of ether 
anaesthesia reverse the response to certain drugs. 

After exposure of the bladder by a median incision, a urethral cannula was inserted and tied in 
place. The bladder was emptied and partially refilled with 20-25 ml. warm 0-9% (w/v) NaCl. The 
rectum was divided posterior to the inferior mesenteric artery, and evisceration performed as far 
anteriorly as the duodenum; the ureters were left intact. The urethral cannula was connected 
with rubber tubing to a saline manometer for recording pressure changes. These were not strictly 
isometric (5 cm saline pressure was equivalent to a volume change of 2-5 ml.). In a few experi- 
ments volume changes were recorded with a piston recorder, using a pressure bottle partly filled 
with saline and adjusted to a height of 5-20 cm so that the bladder remained partially filled with 


- fluid, 


Most of the experiments in which the vesical branches of one pelvic nerve were stimulated were 
performed after section of both hypogastric nerves. The vesical branches of the right pelvic nerve, 
found beneath the fat surrounding the neck of the bladder, were cut, care being taken todamage 
the blood supply as little as possible, In a few experiments these nerves were not sectioned. Those _ 
of the left side were similarly dissected, and the cut peripheral ends of two or three strands placed 
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together, overs: pair of silver electrodes. ‘The abdominal walls were raised end the chamber s 
formed covered with a cotton-wool pad, moistened with 0-9% (w/v) NaCl. 


_ In experiments in which stimulation was applied to the second ventral sacral nerve the pro- 
cedure was modified thus: the vesical branches of the pelvic nerves were left intact and the abdo- 


minal incision closed. The animal was then placed in a prone position and the sacral region of the _ 
spinal cord exposed. Except for the nerve to be stimulated, all the nerve roots and the cord itself — 


were removed from this region. 

For peripheral stimulation of one hypogastric nerve to the decentralized bladder, the sacral 
region of the spinal cord with its nerve roots was excised before exposure of the bladder; the vesical 
branches of the pelvic nerves were left intact. 

In all these experiments square wave stimuli of 1-2 V, 10 msec duration, 5 per sec, were applied 
for 5 sec every 1 or 2 min. | 

In most experiments drugs were injected into the jugular vein. In others close arterial injection 
was given through a cannula inserted in the inferior mesenteric artery, the iliolumbars, external 
iliacs and caudal arteries being ligated: tied distal to the point ct 
origin of the umbilical arteries. 

The drugs used were hexamethonium and tetraethyl onium bromides, atropine and eserine 
sulphates, acetylcholine chloride, adrenaline and L-noradrenaline hydrochlorides, dihydroergot- 
amine methanesulphonate (DHE) and (883 F). Doses 


in the text refer to these salts. The effect of anoxia on the bladder was studied by clamping the 
abdominal aorta. i 


In vitro experiments 3 
Organ-bath experiments. Lourie’s (1952) preparation, but using cat bladders distended with 
20-25 ml. Ringer-Locke solution containing NaCl 9-0 g, KCl 0-42 g, CaCl, 0-24 g, NaHCO, 0-15 g, 
dextrose 1-0 g, glass distilled water 1 1., and placed in a 130 ml. bath, was used to study the effect 
of drugs directly on the bladder musculature. 


Perfusion experiments. To study the effect of drugs directly on the vessels of the bladder, 
experiments were performed on isolated bladders perfused with oxygenated Ringer-Locke solution 
at 384+1°C. In these experiments the bladder was partially re-filled with 20-25 ml. warm 0-9% 
(w/v) NaCl and the urethral cannula clamped. The ureters were tied and cut, as were the ilio- 
lumbars, external iliacs and caudal arteries. The internal iliac arteries were tied below the origin 
of the umbilical arteries. At this stage the animal was heparinized and the perfusion cannula 
_ inserted into the abdominal aorta just anterior to the point of origin of the external iliac arteries. 


The bladder was then removed and the perfusion rate recorded with a Stephenson recorder as for 
_ the rabbit ear preparation of Burn & Robinson (1951). | 


RESULTS 

Effect of peripheral stimulation of the vesical branches of one pelvic nerve 
Intermittent stimulation was applied because this gave regular contractions for 
several hours, whereas the bladder adapted fairly rapidly to continuous stimu- 
lation. The optimum rate of stimulation was about 5 per sec and when applied 
for 5 sec this gave submaximal contractions with a latent period of onset of a 
second or two, the contractions continuing for 2 or 3 sec on cessation of stimu- 
lation. Relaxation was then rapid at first, but usually taking 20-40 sec to 
completion, and sometimes longer. Stimulation was, therefore, applied every 
1 or 2 min. With a stimulus duration of 0-1 msec the contractions were very 
small at a rate of 5 per sec, and irregular at 20 per sec; stimulus durations of 
1-0 and 10 msec gave equally good responses and only the latter duration was 
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used in the main experiments. The bladder generally showed a certain amount 
of spontaneous activity which was usually of small amplitude and low fre- 
quency. Evans (1936) previously found that cutting the pelvic nerves re- 
sulted in complete absence of action potentials and almost complete cessation of 
manometric movements. 

Effect of hexamethonium. The invariable response to intravenous injection 
of hexamethonium was partial or complete inhibition (depending on the dose) 
of the contractions caused by peripheral stimulation of the vesical branches of 
one pelvic nerve. The effect was often maximal at 1 min. Recovery was slow, 
requiring at least 20 or 30 min. A dose of 0-25 mg/kg was often very effective 
initially, but the sensitivity of the preparation decreased, and later even 
1-0 mg/kg produced only a slight effect. In some experiments the tone of the 
bladder was also reduced. The response to hexamethonium was obtained 
equally well after atropinization and with the vesical branches of the other 
pelvic nerve intact. 


Fig. 1. Cat, 9, 2-5 kg, pentobarbitone sodium. Tracing showing volume changes in bladder to 
peripheral stimulation of vesical branches of left; pelvic nerve. Vesical branches of right 
pelvic nerve and both hypogastric nerves intact. Effect of 1-0 mg/kg atropine sulphate. 
Time: 30 sec. i 


Effect of atropine and eserine. Atropine had the following effects. The tone of 
the bladder was lowered (Figs. 1, 2), although when pressure changes were 
recorded in the decentralized bladder the tone was initially low, and this effect 
was not very marked, The spontaneous bladder movements were diminished ; 
this was well shown in experiments in which these contractions were initially 
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particularly large. Evans (1936) observed complete cessation of ae 
bladder movements for up to 20 min after atropine. The other effect of atro- 
pine, which has not previously been described, was an increase in the height of 
the contractions on stimulation of the vesical branches of the pelvic nerve 
(Fig. 1). This effect, which was seen at 1 min, was maintained for at least 20 min. 
The effect was observed when volume changes were recorded under conditions 
of constant pressure (Fig. 1) and therefore could not be accounted for by the 


Fig. 2. Cat, 9, 1-76 kg, chioralose. Tracing showing pressure changes in bladder to peripheral 
stimulation of vesical branches of left pelvic nerve. Vesical branches of right pelvic nerve 
and both hypogastric nerves sectioned. Effect of eserine sulphate followed by atropine 
sulphate. Figures indicate doses in mg/kg. x indicates manometer overflowed. Vertical 
scale: 5 cm water pressure. Time: 30 sec. 


decrease in tone. The increased response to atropine occurred with doses of 
0-1 to 10-0 mg/kg; usually the effect with 0-1 mg/kg was maximal; smaller 
doses were not investigated. The phenomenon was observed when the parasym- 


pathetic innervation of one side was intact, and when both hypogastric nerves _ 


were also intact (Fig. 1). Only the first injection of atropine was effective; a 

second injection after the responses had been reduced by hexamethonium pro- 
. duced no further effect. Eserine (0-1 mg/kg) initially reduced the response to 
nerve stimulation (Fig. 2) and then, as the tone of the bladder began to rise and 
the spontaneous movements became of larger amplitude, the contractions to 
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nerve stimulation increased and became larger than before eserine. At this 
stage, atropine (1-0 mg/kg) reversed the effects on tone and spontaneous 
movements produced by eserine and the responses to nerve stimulation were 


reduced but then settled at a level above the height of the contractions before 
eserine and atropine (Fig. 2). : 


Effect of stimulating the peripheral part of the ventral 
root of the second sacral nerve 7 

_ In these preparations, in which complete decentralization of the bladder was 
ane the tone of the bladder was initially minimal. The response to hexame- 
thonium was identical with that obtained when the vesical branches of the 
pelvic nerve were stimulated—the contractions were inhibited. The effect of 


Fig. 3. Cat, 9, 3-0, chloralose. Tracing showing pressure changes in bladder to peripheral stim | 
tion of ventral root of second left sacral nerve. Sacral region of spinal cord destroyed and both — 
hypogastric nerves sectioned. Effect of 0-1 mg/kg eserine sulphate. Vertical scale: 5 cm 
water pressure. Time: 30 sec. 


atropine, however, was different. Although there was sometimes a slight 
augmentation, this was transient; sometimes there was a slight reduction 
(with 1-0 mg/kg) possibly due to the weak local anaesthetic action of this 


compound. After the response had been potentiated by eserine (Fig. 3), it was 


invariably reduced by atropine. Eserine caused a slight and gradual increase 
in tone as well as a gradual increase in the height of contractions; its effect on 
spontaneous contractions and on tone were less than in the pelvic nerve- 
bladder preparation. DHE in a dose usually found sufficient (4 mg/kg) to 
block hypogastric stimulation was without effect on sacral root stimulation. 
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, Effect of peripheral stimulation of hypogastric nerves 


Peripheral stimulation of the hypogastric nerve on one side is characterized 
by contraction of the bladder, followed by relaxation below the resting level, 


This relaxation may occur whilst stimulation is still in progress (Elliott, 1905, 


1907), or be seen during the recovery phase, as in the present experiments 
(Fig. 7). When the tone of the bladder was very low, as in Fig. 4, this greater 
relaxation was of course not seen. Atropine (1 mg/kg), eserine (0-1 mg/kg) 
and hexamethonium (10 mg/kg) were without effect on nerve stimulation, 
although the response was usually blocked by DHE (Fig. 4). In this experi- 
ment only 2 mg/kg were required and the block was complete by 28 min. 


(a) (5) (c) 

Fig. 4. Cat, 2, 3-0 kg, chloralose. "Tracing showing pressure changes in bladder. Sacral region of 
spinal cord destroyed and both hypogastric nerves sectioned, (a) Effect of clamping the 
abdominal aorta in otherwise untreated preparation. (6) Effect of adrenaline and 1-nor- 
adrenaline hydrochlorides, and peripheral stimulation of one hypogastric nerve. (c) 18 min 
after 2 mg/kg dihydroergotamine methanesulphonate. Effect of adrenaline and L-noradrena- 
line hydrochlorides, peripheral stimulation of one hypogastric nerve, and clamping the 
abdominal aorta. Hypogastric stimulation (-); abdominal aorta clamped (——). Figures 
eabserass doses in mg/kg. Vertical scale: 5 cm water pressure. Time: 30 sec. 


Usually 4 mg/kg of DHE were required to produce complete Block. in one 
such experiment block being complete after two doses of 2 mg/kg DHE 
injected 15 and 11 min beforehand. In other experiments (Fig. 7) even larger 
doses had little or no effect. Schofield (1952) found that 2 mg/kg DHE com- 
pletely blocked hypogastric stimulation to the rabbit’s uterus after 43 min. 
883 F, in a dose found effective (5 mg/kg) in altering the response to adrenaline 
and L-noradrenaline, did not block the effect of peripheral stimulation of the 
hypogastric nerve. This drug, unlike DHE, is known to be an effective 
antagonist of circulating adrenaline whereas its antagonism to sympathetic 
stimulation is slight. 


Effects of adrenaline and u-noradrenaline 


Effects on the decentralized bladder in situ. Intravenous injection of adrenaline _ 


and t-noradrenaline produced rapid relaxation of the bladder and a slow 
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recovery. L-Noradrenaline was about twice as potent as adrenaline in pro- 
ducing @ similar response (Fig. 4). During or just preceding the relaxation 
phase followmg small doses of adrenaline, the bladder sometimes responded 
by a small contraction. This was often seen merely as an interruption of 
relaxation and only occurred with small doses. DHE, which caused an increase 
in tone, did not reduce the inhibition caused by adrenaline or L-noradrenaline 
(Fig. 4c). However, after 883F (5 mg/kg), which often caused a transient 
increase in tone of the bladder, small doses of adrenaline (5-15 g/kg), pro- 
duced a marked contraction (Fig, 55). This response was unaffected by the 
tonic state of the bladder and was independent ‘of the effect on the carotid 
blood pressure. The contraction was sometimes followed by a slight relaxation 
below the original level (Figs. 56, 106). Larger doses of adrenaline (50 ng/kg) 
still caused relaxation, The contraction to small doses of adrenaline was not 
maintained unless the dose of 883 F was repeated. In one preparation there was 
no reversal of the relaxation caused by intravenous L-noradrenaline after 
883 F, although a slight reduction in response was observed. In otlier prepara- — 
tions, the effect of L-noradrenaline was reversed, but to a smaller extent than 
adrenaline. In order to study this phenomenon further, experiments were 
performed on the isolated bladder and perfused bladder in vitro (see below). 


The effects of intra-arterial injections were also studied. By this method, 


relatively large doses of both adrenaline and L-noradrenaline still produced 
relaxation and this was followed by an increase in tone. Smaller doses produced 
only contraction (Fig. 6). This contraction was more pronounced with adrena- 
line than with 1.-noradrenaline. 

In vitro experiments. On the bladder suspended in an isolated organ bath, 
adrenaline and u-noradrenaline caused relaxation. By careful selection of 
doses, it was possible to reduce these responses with 883 F. This drug, which 
caused an increase in tone, was placed in the bath 1 min before adrenaline or 
L-noradrenaline, After a further 1 min, the bath was repeatedly washed out 
until the tone of the bladder returned to its previous level. In no experiment 
was the relaxation to adrenaline or L-noradrenaline converted into contraction 
by 883F, and t-noradrenaline was again twice as potent as adrenaline in 
causing relaxation. DHE also increased the tone in this preparation. On the 
isolated perfused bladder, adrenaline and -noradrenaline caused vascocon- 
striction, and this was inhibited but not reversed by 883F. There was some 
evidence that adrenaline was more potent than L-noradrenaline on this 
preparation. 


Effect of clamping the abdominal aorta on the decentralized bladder 
A very slight increase in tone of the bladder occurred when a clamp was 
applied to the abdominal aorta supplying the decentralized bladder im situ 
(Fig. 4a). Removal of the clamp caused a slight relaxation below the original 
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(a) (b) 

Fig. 5. Cat, 9, 2-26 kg, chloralose. Tracing showing carotid blood pressure (upper record) and 
pressure changes in bladder (lower record) to injection of adrenaline hydrochloride. Vesical 
branches of both pelvic nerves and both hypogastric nerves sectioned. (a) Effect of 0-005 and 
0-05 mg/kg adrenaline, (6) 12 min after 5 mg/kg 883 F, effect of 0-005, 0-015 and 0-05 mg/kg 
adrenaline. Blood pressure in mm Hg. Vertical scale: 5 om water pressure. Time: 30 sec. 


(a) (6) (<) 
Fig. 6. Cat, 9, 2-25 kg, chloralose. Tracing showing pressure changes in bladder. Sacral region of 
spinal cord destroyed and both hypogastric nerves sectioned. Intra-arterial injections. 
(a) Effect of 2ug adrenaline hydrochloride. (b) Effect of 2 wg w-noradrenaline hydro- 
chloride. (c) Effects of 10g adrenaline and t-noradrenaline hydrochlorides. Blank arrows 
in (a) and (5) are control injections of 0-4 ml. 09% (w/v) NaCl. Vertical scale: 5 cm water 
pressure. Time: » sec. 
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level, unless the tone was minimal, as in the experiment shown. After a dose 
of DHE sufficient to raise the tone of the preparation, but insufficient to block 
hypogastric stimulation, clamping the aorta caused a rapid contraction, the 
relaxation following removal of the clamp falling well below the original level 
(Fig. 7). The response was thus similar to hypogastric stimulation. After a _ 
full blocking dose of DHE, the application of the clamp to the abdominal aorta 
had little or no effect (Fig, 4c). Removal of the clamp still produced relaxation. 


Fig. 7. Cat, 9, 2-25 kg, chloralose. Tracing showing pressure changes in bladder. Sacral region of 
spinal cord destroyed and both hypogastric nerves sectioned. Previously injected with 
10 mg/kg hexamethonium bromide, 1 mg/kg atropine sulphate and a total of 6 mg/kg 
dihydroergotamine methanesulphonate which in this preparation did not block the hypo- 
gastric nerve. Hypogastric stimulation (-). Abdominal aorta clamped (——). Vertical 
scale: 5 cm water pressure. Time: 30 sec. : 


: Effect of acetylcholine on the decentralized bladder 
Acetylcholine caused contraction of the bladder (Figs. 8a, 9 and 10a). The 
effect was potentiated by eserine (Fig. 8b) and incompletely inhibited by 
atropine (Figs. 8c, 9 and 10a). Thus after atropine the effects of small doses of 
acetylcholine were abolished, although larger doses of acetylcholine still 
caused contraction, which were now more rapid in onset and recovery (con- 
firming the observations of Henderson & Roepke, 1934), and were followed by 
a marked relaxation with a slow recovery (Figs. 9, 10a), unless eserine had also 
previously been injected (Fig. 8c). These large doses of acetylcholine after 
atropine had a pressor action on the carotid blood pressure; and the relaxation 
phase of the bladder response resembled the normal response to injected 
adrenaline, 
It was, therefore, thought possible that this relaxation might-be due to the 
release of adrenaline from the adrenal medulla (and possibly other chromaffine 
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tissue). This was confirmed by injection of 883F (Fig. 10a), it having been 


shown that after this drug adrenaline, which normally causes relaxation, then — 


causes contraction; acetylcholine now caused a biphasic contraction, the first 


| 

Fig. 8. Cat, 2, 2°75 kg, chloralose. Tracing showing pressure changes in bladder to peripheral 
stimulation of ventral root of second left sacral nerve and to acetylcholine chloride. Sacral 
region of spinal cord destroyed and both hypogastric nerves sectioned. Between (a) and (5) 
0-1 mg/kg eserine sulphate 20 min before (6). Between (6) and (c), 35 min. Figures indicate 
doses in mg/kg. Vertical scale: 5 cm water pressure. Time: 30 sec. : 


Fig. 9. Cat, 9, 2-25 kg, chloralose. Tracing showing pressure changes in bladder to injection of 
acetylcholine chloride before and after atropine sulphate. Sacral region of spinal cord des- 
troyed and both hypogastric nerves sectioned. Figures indicate doses in mg/kg. Vertical 
scale: 5 cm water pressure, Time: 30 sec. 


phase due to the direct action of acetylcholine and the second due to the 
reversed effect of adrenaline. In addition, it was found that the contractile 
’ response to large doses of acetylcholine after atropine was almost completely 
. abolished by a large dose of hexamethonium, thus confirming Henderson & 


= 
3 
-& 
(3 
i 
3 
Ry, 
Re na 
re 
~ 
x 
4 
3 3 
( 
= 
a 
id 
a i 
‘a é 
a 
va 
a 


+ 


ral 
ral 
(0) 


ate 


INNERVATION OF THE CAT’S BLADDER 65 


Roepke’s (1934) a that the response was dué to stimulation of the 


(a) (b) 
Fig. 10. Cat, 2, 3-0 kg, chloralose, Tracing showing pressure changes in bladder to acetylcholine 
chloride. Sacral region of spinal cord destroyed and both hypogastric nerves sectioned. 
(a) Effect of acetylcholine before and after atropine sulphate and 883 F. (b) Effect of adrena- 
line 10 min after (a). Figures indicate doses in mg/kg. Vertical scale: 5 cm water pressure. 
Time: 30 sec. 
Effect of atropine on the decentralized bladder 
Immediately following injection of atropine, before the tone was reduced, 
the bladder sometimes responded by a small contraction. This contraction was 
potentiated by eserine (Fig. 8c). 


DISCUSSION 
Hexamethonium had no effect on peripheral stimulation of the perverts 
nerve; this suggests that the efferent fibres contained in this nerve are post- 
ganglionic. The fact that atropine and eserine were without effect on peripheral 
hypogastric stimulation, whereas DHE had a blocking action, indicates that 


_ these nerves are adrenergic. 


Intravenous injections of L-noradrenaline were more effective than adrena- 
line in causing relaxation in the decentralized bladder. A similar relationship 
was seen in the isolated bladder. On the other hand, after compound 883 F, or 
by intra-arterial injection of small doses, adrenaline was more effective than 
L-noradrenaline in causing the bladder to contract. Adrenaline was also more 
effective than t-noradrenaline in causing vasoconstriction in the perfused 
bladder. The similarity between the effect on the bladder of clamping the 
abdominal aorta in the presence of a vasoconstrictor (DHE) and the effect 
produced by stimulating the hypogastric nerve peripherally, might indicate 
that contraction of the bladder in these circumstances is due to anoxia of the 
detrusor muscle caused by vasoconstriction of the bladder vessels. However, 
the anomaly remains that compound 883F inhibited vasoconstriction caused 
by adrenaline in the perfused bladder, whereas in the whole animal contrac- 
tion of the bladder caused by adrenaline was best seen after compound 883 F. 
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Atropine was found to facilitate contraction of the bladder ‘nite by 
peripheral stimulation of the vesical branches of the pelvic nerve, although 
this effect was hardly apparent when the sacral nerve was stimulated peri-— 
 pherally. Furthermore, eserine initially reduced contractions in the pelvic 


_nerve—bladder preparation, whereas in the sacral nerve—bladder preparation, 


eserine potentiated the contractions. Biilbring (1946) described an increased 
effect of atropine on contractions of the freshly prepared phrenic nerve- 
diaphragm preparation, attributing this to a state of acetylcholine excess. 
A similar explanation might account for the differences between. pelvic and 
sacral nerve—bladder preparations, since it is likely that 7 the pelvic nerve—_ 
bladder preparations nervous decentralization was incorfip 


tioned nerve fibres. The parasympathetic supply to the bladder was unaffected 

by DHE. Munro (1953), who made similar observations on the isolated guinea- 
pig intestine, suggested that the increased response after atropine was due to an 
unmasking of adrenergic fibres resistant to adrenergic blocking drugs. 


In agreement with the findings of Henderson & Roepke (1934, 1935), it was _ 


found that the effect on the bladder of small doses of acetylcholine was 
inhibited by atropine, larger doses of acetylcholine producing rapid contrac- 


tions which were greatly reduced by hexamethonium. This confirms these — 
authors’ hypothesis that after atropine large doses of acetylcholine stimulate © 


the postsynaptic neurones, although it fails to explain why the nervous im- 
pulses so generated are not blocked at the parasympathetic nerve endings by 
atropine. An alternative explanation to that given by previous authors that 
there is a non-cholinergic parasympathetic innervation, is that the receptors of 
_ the bladder musculature, whilst responding to acetylcholine (and pilocarpine), 
are of the type from which atropine is easily displaced by the initial burst of 
nervous impulses. 

Atropine sometimes produced a small contraction preceding the fall in tone, 
and this was increased by previous injection of eserine. Prof. J. H. Burn has 
suggested (personal communication) that this might be due to a transient 
acetylcholine-like action, since the immediate effect of atropine given to 
human subjects is a slowing of the pulse rate and moistening of the palms before 
the onset of the reverse effects, the slowing of the pulse previously being attri- 
buted to stimulation of the vagal centre. | 


SUMMARY 


1. Pressure (and volume) changes were recorded in decentralized bladders 
of female cats under chloralose anaesthesia. Experiments on isolated bladders 
were also performed. 


2. The response to peripheral stimulation of one hypogastric nerve was 


lete, the bladder, 
therefore, being subjected to a continual release of acetylcholine from unsec- , 
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abolished by dihydroergotamine and unaffected by hexamethonium, atropine 
and eserine. 


3. In preparations where the tone had been increased by dihydroergotamine, 


clamping and unclamping the abdominal aorta produced a similar effect to 


hypogastric stimulation. 

4. Injected intravenously, adrenaline and t-noradrenaline relaxed the 
bladder, but after compound 883F, caused contraction. Injected intra- 
arterially, small doses of adrenaline and t-noradrenaline caused contraction. 
In the isolated organ, 883F reduced the relaxation and inhibited the vaso- 
constriction produced by adrenaline and L-noradrenaline. 

5. Hexamethonium inhibited the response to peripheral stimulation of the 
parasympathetic supply. Atropine increased the response to stimulation of the 
vesical branches of the pelvic nerve; eserine initially reduced this response, 
but potentiated the effect of stimulating the ventral root of the second sacral — 
nerve. 

6. After atropine, a large dose of acetylcholine produced a contraction 
similar to nerve stimulation, but followed by a phase of relaxation which was 
reversed by 883F. Atropine sometimes caused a small contraction before 
lowering tone, and this was increased by eserine. Eserine alone increased 
tone. 


7. The innervation of the bladder is discussed in the light of these findings. 
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THE BEHAVIOUR OF THE BLOOD PRESSURE IN NORMAL 
AND HYPERTENSIVE RABBITS IN RESPONSE TO 
L-NORADRENALINE AND TO GANGLION BLOCK 

BY HEXA- OR PENTAMETHONIUM | 
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In experimental renal hypertension it has been established that the elevation 
of blood pressure is produced at least initially by a humoral mechanism. It 
has also been established that blood pressure regulating reflexes play no part 
in the elevation of pressure, and that they remain active in the presence of 
hypertension (Bouckaert, Elaut & Heymans, 1937; Verney & Vogt, 1938; 
Grimson, 1939; Goldblatt; Kahn, Bayless & Simon, 1940). Thus the rising 
blood pressure and the apparent failure of these restorative reflexes to react 
to it, presents an interesting paradox which has not been adequately investi- 
gated. The variation in resting blood pressure and the increased response to 
pressor drugs observed in hypertension (Verney & Vogt, 1938; Brown & 
Maegraith, 1941), suggest that regulation of the blood pressure in hypertension 
maybe inefficient. An assessment has therefore been made of the vasomotor 
regulation in normal and hypertensive rabbits by studying the effects on the 
blood pressure of t-noradrenaline, and of blocking ganglionic transmission 
with methonium compounds. The efficiency of blood pressure regulation has 
been assessed by comparing the pressor response to noradrenaline before and 
after the regulatory reflexes had been largely inactivated by blocking the 
ganglia. The resulting fall in blood pressure from such a block indicated the 
magnitude of the influence of the autonomic nervous system, acting through 
the heart and blood vessels, in maintaining the resting pressure. 


MATERIALS AND METHODS 


Fourteen rabbits, mostly lop-eared, have been studied before and after hypertension was induced 
by renal encapsulation with moulded latex (Flasher, Drury & Sobin, 1949). Capsules were 
applied to both kidneys, or to one kidney with simultaneous removal of the other. In these 
experiments the behaviour of the same rabbits has been studied in their normal and hypertensive 
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states; each rabbit therefore acts as its own control. In order to investigate the possible effect of 
the operative procedures alone, further control estimations were made. In these control opera. 
tions two rabbits were nephrectomized on one side and on the other side a latex capsule was 
applied and immediately removed. A third rabbit had loose latex capsules applied permanently 

to both kidneys. All three failed to develop hypertension. In three rabbits of fhe. series: of. 
fourteen the delayed development of hypertension enabled 0st erat 
responses to be obtained. SS 

Every effort was made to obtain true resting blood pressures. Astana pati oosaly with: 
a towel were placed in a heated box and remained there without restraint. If restlessness developed 
during any experiment it was abandoned for that occasion. Frequent indirect readings of the 
blood pressure obtained with Grant’s capsule (Grant & Rothschild, 1934) served to accustom the 
animal to being handled and indicated the course of the hypertension. After preliminary loca] 
anaesthesia, heparin (1000 units) was given and the blood pressure measured directly from the 
central artery of the ear. Pressure was transmitted to a condenser manometer and recorded by 
an ink-writing oscillograph. In experiments under anaesthesia the pressure in the dilated ear 
artery was found to be 10-20 mm Hg below aortic pressures taken simultaneously, a finding in 
agreement with Landis, Montgomery & Sparkman (1938). This relationship was unaffected by 
infusions of noradrenaline, and the administration of hexamethonium. If, by cooling the ear, 
vasoconstriction was allowed to occur, the systolic and diastolic peaks of the pressure oscillations 
were markedly affected before the mean pressure fell. The mean pressure has been quoted in the 
experimental results. 

To minimize errors due to individual variation, comparisons were always made between the 
normal and hypertensive responses in the same rabbit, and the average blood pressures quoted 
are derived from the same group of animals in their nurmal and hypertensive states. A standard dose 
_ of 2-5ug/min of L-noradrenaline was used throughout, giving a dosage range of 0-6—-1-3 ug/kg/min. 
Changes in body weight were quite small during the period of observation and did not affect the 
pressor responses. Infusions were given in preference to acute injections to obtain accurate. 
estimations of the pressor response and heart rate, allowing also adequate time for reflex modifica- 
tion. The use of a single dose-level permitted a sufficient number of repeated infusions to be made 
in order to establish the normal response and the effect of hypertension upon it. Thus ninety-one 
measurements were made in the normals and one hundred and twenty-seven after hypertension 
had been produced. For three rabbits dose-response curves were also obtained in the normal and 
hypertensive states. 

The standard dose was chosen to give submaximal pressor responses but not to cause tachy- 
cardia in the rabbits with ganglia blocked. When larger doses were used to obtain the dose- 
response curves tachycardia occurred during infusions with ganglia blocked. Infusions were 
given into the marginal vein of the ear for 3-5 min, the level of response usually being steady 
after the first minute. The routine experimental procedure on a single occasion was to perform 
three separate infusions on the resting rabbit and after full doses of hexa- or pentamethonium, 
a further three or more infusions followed. 

In order to obtain maximal block of autonomic ganglia it was necessary to use very large doses 
of methonium compounds, the dose required varying considerably on different occasions. A large 
loading dose of 60-80 mg, usually of pentamethonium, was given in divided 10 mg doses in 4 min, 
after which an infusion of noradrenaline was given. This was followed by further doses of 10-30mg 
of hexa- or pentamethonium to confirm that the maximal effect had been achieved, the average 
total dose being 120 mg over a period of 1 hr. The maximal effect was indicated by the absence 
of further potentiation of the pressor response or change in heart rate, the pupils also being 
paralysed. It was not usually possible completely to abolish the reflex bradycardia no matter 
how large the dose of blocking drugs. The lowest steady level of pressure reached after blocking 
the ganglia was recorded as the minimal blood pressure, the response to noradrenaline with 
reflexes acting normally as the modified response, and after ganglion block as the unmodified 
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~The effect of smcealctilied ‘anit of ganglion block were obtained on forty-one separate occasions 


before hypertension. was induced, and thereafter the same experiments were repeated on fifty-one 
occasions, four infusions usually being made, on each hypersensive rabbit during the average 
follow-up period of 99 days. In three rabhits: {no is q and 66) hypertensive responses were 
obtained on occasion only; we 


sig 


‘of the arterial blood pressure directly ear the 
unanaesthetized resting rabbit. gave an average mean blood pressure of 
57° (s.D.+ 8-2) mm Hg in the normals, and 93 (s.p. + 11-8) mm Hg in the 
hypertensives. The average pulse pressure was 20 and 36 mm Hg in normals 
and hypertensives respectively. The established level was reached in 5-15 days — 
after the operation, and remained essentially unchanged in spite of the 
subsequent, development of renal failure by some rabbits. There were no 
significant differences in the heart rates of the rabbits in their normal and 
hypertensive states. 

The blood-pressure levels found in these resting rabbits (Table 1) were 
considerably lower than those reported by others (Landis et al. 1938; Kapp, 
Friedland & Landis, 1941; Flasher e¢ al. 1949) in the unanaesthetized rabbit, 
but the systolic pressure approaches the figure found by Pickering (1945) — 


_ with Grant’s capsule, in the range 63-87 mm Hg for normal rabbits and 


96-125 mm Hg for hypertensives. | 


TABLE 1. The average blood pressure and heart rate measured directly from the central 
artery of the ear in the same fourteen rabbits, normal and hypertensive 


N ormal Hypertensive 


Rate Rate 
Mean+s.p. Systolic Diastolic (beats/ Mean+s.p. Systolic Diastolic (beats/ 
(mmHg) (mm Hg) (mmHg) min) (mmHg) (mmHg) — pa 
Resting 57+8-2 68 48 199 93+11-8 114 7 
Minimal 4546-0 59 37 267 72+11-0 84 60 259 


Minimal blood pressure is the level of pressure found after blocking autonomic ganglia. 


‘The effect of blocking autonomic ganglia upon the blood pressure 

In all rabbits, blocking the autonomic ganglia resulted in a small fall in blood 
pressure. The average reduction in mean pressure being 12 (s.D. + 3-4) mm Hg 
in the normal and in hypertension 21 (s.p. + 8-1) mm Hg. Thus the average 
minimal pressures were 45 (s.D. +5-0) mm Hg and 72 (s.p.+11-0) mm Hg 
respectively. It. appears therefore that the major proportion of the elevation of 
pressure in hypertension is caused by factors affecting the minimal pressure 
with a smaller contribution due to increased autonomic factors. 

The response of each rabbit in its normal and hypertensive states was not 
related to the initial level of pressure, the degree of hypertension, or to the 
minimal pressure to which the blood preesare fell. As the effect of ganglion 
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block was estimated once only at each experiment, insufficient numbers of 
readings were made in the earliest stages of hypertension for adequate com- 
parisons with the later stages. 

No differences were detected between the normal and the hypertensive in 
the dosage sensitivity of their ganglia to blocking drugs. After 20 mg the blood 
pressure usually began to fall and with further doses continued to fall, until 
thé maximal depression of blood pressure occurred after shamans 60mg. 


The unmodified response to noradrenaline 


In acute experiments large doses of hexamethonium were found to reduce 
the response to carotid occlusion to approximately 15% of its normal value. 
The term ‘unmodified response’ to noradrenaline therefore implies this degree 
of limitation of the regulatory reflexes. 

The average response was a rise of 50 (s.p.+ 9-0) mm Hg in normals and 
75 (s.D. + 14-3) mm Hg in hypertensives. The response was not related to the 
initial pressure or to the degree of hypertension. As was found by Lockett 
(1950) in dogs the response of different animals was so variable as to make 
comparisons between them futile. A single animal, however, even when tested 
on different days, gave reasonably consistent responses, and Table 2a, b show 
the standard deviation of the estimations made on individual rabbits. 
Differences in sensitivity to the standard dose may be seen by the range of the 
pressor responses which varied from 33 to 65 mm Hg in normal rabbits. These 
differences are not related to the body weight since the average weight of the 
rabbits in which the pressor response exceeded the average was 2°8 kg, and 
2-9 kg in those with a response less than the average. 

Enhanced sensitivity to noradrenaline was not apparent immediately but — 
developed slowly in 2-4 weeks after hypertension had become fully developed. 
Comparisons between the pressor response in early and later stages of hyper- 
tension were possible in seven rabbits. The average normal response of this 
group to noradrenaline was 54 mm Hg, and within 15 days of their operation, 
although the level of hypertension was already fully established, it was 
65 mm Hg, while the average response over the whole hypertensive period 
was 81mm Hg. Again, changes in body weight did not account for this 
finding. 

The dose-response curves obtained from three rabbits showed that the 
results obtained with the standard dose also applied over a wider range. 
A linear relationship existed between log. dose and unmodified response in the 
normal and hypertensive states, but in the latter it was at a higher level, and 
approximately parallel with the normal. When the dose-response curve was 
repeated at short intervals it demonstrated clearly (Fig. 1) the gradual 


development of increasing sensitivity during the first month after hyper- 
tension had become fully established. 
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In these unanaesthetized rabbits the maximal pressor dose of L-noradrena- 
line was approximately 2 »g/kg/min. With the larger doses tachycardia was _ 


_ regularly produced and the pressor response was finally limited by gross cardiac 
_ irregularities. The increased sensitivity to noradrenaline which appeared in 
_ hypertension was not associated with changes in the maximal dose or the ease 


with which cardiac irregularities were produced, nor to the initial blood 


@ 


Resting B.P. 
29-48.days, 97 mmHg 
post-op. 
120 
® 22 days, H 
15 days, 100 mm H 
= OF | 
Normal 69mm Hg 
20 
5 4 


L- log. dose, yg/min 
Fig. 1. Log. dose-response curves from a single rabbit illustrating the gradual development of 


established. Rabbit no. 79, 2-4 kg, 9. 


pressure, the degree of hypertension, or renal failure. The factors ea, 
for it have not been identified. However, when the behaviour of each rabbit, 
normal and hypertensive, is considered separately, the proportional increase 
in response to ganglion block in hypertension was found to be significantly 
related to the proportional increase in response to noradrenaline (Fig. 2) 
(r =0-80, P <0-001 >0-0001). 


Response to noradrenaline modified by reflex activity 
The pressor response to noradrenaline when modified by buffer reflexes 
showed a slight and insignificant increase in the hypertensive over the normal: 
29 (s.D. + 7-8) mm Hg and 23 (s.p. + 6-8) mm Hg respectively (Table 3a, 0). 
In rabbits 57, 64, 66, 71 and 74 the hypertensive response was practically the 
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same as the normal, although their unmodified responses (Table 2a, b) demon- 
strated an increase in the basic sensitivity to noradrenaline. 

The association of the large differences in the unmodified responses between 
normals and hypertensives (50 to 75 mm Hg) with this small difference in the — 
modified responses is a measure of the efficiency of pressure regulation in 
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Fig. 2. The relationship between the proportional increase in sensitivity to ganglion block by : 
hexa- or pentamethonium, and the proportional increase in sensitivity to noradrenaline 
which occurs in hypertension. 


hypertension. The ratio of the modified/unmodified pressor response to nor- 
adrenaline was 0-46 in the normals and 0-39 in hypertensives, Table 3a, b. As 
neither of the responses was related to the initial pressure, the unavoidable 
reduction in initial pressure by blocking the autonomic ganglia has been 
ignored in making these comparisons. ) 

As the infusions were given, bradycardia appeared after the pressure had risen 
approximately 10 mm Hg above the resting level. The average reduction of 
heart rate being 1-2 and 1-0 beats/min/mm Hg rise in pressure in normals and 
hypertensives respectively. | 

Controls 
The possible influence of the operative procedures and noradrenaline was 


assessed in six rabbits in which normal and post-operative responses were ~ 
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obtained in the absence of hypertension. Their average normal unmodified 
_ response to the standard dose of noradrenaline was 50 (s.p. + 14-5) mm Hg 
and post-operatively 54 (s.p. + 12-8) mm Hg. | 


DISCUSSION 


The results of the experiments described may be considered from two more or 
less independent aspects. First, there is the increase in the sensitivity to 
noradrenaline which occurs in hypertension, and its relation to ganglion block; 
secondly, the efficiency of autonomic blood-pressure regulation in hyper- 
tension appears to be unimpaired. 

The alteration in sensitivity to the sympathetic humoral transmitters in 
hypertension has been demonstrated for adrenaline by Brown & Maegraith 
(1941) and Verney & Vogt (1938) and for noradrenaline in this study, The 
significant relationship between the increased sensitivity to noradrenaline and 
the increased. response to ganglion block suggests that they are caused by 
a common factor present in hypertension. It seems likely therefore that the 
increased response to ganglion block is due to increased sensitivity to normally 
produced pressor substances and not to overactivity of the autonomic nervous 
system. A mechanism such as this, which results in increased sensitivity to 
the humoral transmitters, might explain the beneficial effect of hexamethonium 
and sympathectomy sometimes found in hypertension when theoretically no 
such response is expected. , 

The gradual development of the potentiation of the effect of noradrenaline 
after hypertension has become fully established is not associated with any 
demonstrable change in the characteristics of the hypertension, but appears 
only to be related to the passage of time. This offers collateral evidence, of 
a completely unrelated kind, for the theory that the mechanism responsible 
for the elevation of blood pressure in the acute early stages of hypertension 
differs from that in chronic hypertension. Pickering (1945), using rabbits, 
found that nephrectomy would readily reduce the blood pressure to normal 
levels if performed in the first week of hypertension but would not do so if 
performed after 9 weeks. Similarly, the removal of the clip from the renal 
artery leads to an immediate fall in pressure in the acute stage of hypertension, 
while in hypertension of long duration the pressure falls more slowly (Blacket 
& Sellers, 1951). In the present study the change in sensitivity to noradrena- 
line was detectable after 7 days, and reached its maximum in 4 weeks, which 
suggests the gradual evolution of the second mechanism over this period. The 
response to renin in nephrectomized rabbits was found (Pickering, 1945) to be. 
exaggerated in chronic hypertension, while in the acute stage the response 
was the same asin the normal. It therefore seems likely that the mechanism 
which is present in the chronic stage of hypertension, but not in the acute, 
affects the vascular responses to pressor drugs. If the same animal is used 
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throughout, the potentiation of the effect of noradrenaline may indeed be used _ 


- to detect the change in mechanism between acute and chronic hypertension. 

Upon the evidence of increasing response to autonomic blocking agents, 
F883 (Sapirstein & Reed, 1944) yohimbine, and pentobarbitone (Reed, Sapir- 
stein, Southard & Ogden, 1944) in chronic hypertension, the hypothesis has 
been presented (Ogden, 1947) that a neurogenic mechanism sueceeds the early 
renal one responsible for hypertension in rats and also in dogs (Mandel, Greene, 


Sapirstein & Ogden, 1954). Although this view has not been confirmed by | 


others (Nickerson, Bullock & Nomaguchi, 1948; Moss & Wakerlin, 1950) the 
increased responses to hexa- or pentamethonium found in hypertension appear 
to be in partial agreement with the facts upon which this hypothesis was based, 
but the change in the sensitivity appears adequate to explain the apparently 
augmented nervous activity. Although the change in mechanism between 
hypertension of short and long duration is associated with increased sensitivity 
to noradrenaline and ganglion block, the fundamental mechanism responsible 
for the elevated pressure remains a humoral one. The level to which the blood 


pressure fell after blocking the autonomic ganglia was always appreciably | 


higher in hypertension than in the normal state. The average minimal pressure 


rose from 45 to 72 mm Hg while the elevation of pressure attributable to — 


autonomic factors changed from 12 to 21 mm Hg. . 
Blood-pressure regulation appears to remain extremely efficient in hyper- 


tension. The marked difference in the basic unmodified responses to nor- 


adrenaline is almost completely obscured when the regulatory reflexes are 
' acting normally. Similarly, the degree of reflex bradycardia produced by the 
rising pressure is similar in the normal and hypertensive rabbits. This shows, 
incidentally, that the measurements of vascular reactivity to any substance 
in the presence of the regulatory reflexes must be gravely complicated. 

Increased sensitivity of the cardiovascular system to the humoral sub- 
stances produced at the terminations of the efferent fibres of the vasomotor 
reflexes must upset the balance between the sensory and motor parts of the 

Teflexes, and theoretically make the control of the blood pressure less precise. 
_ Finally there is no evidence that the blood-pressure regulating reflexes respond 
at any time to the rising blood pressure in hypertension, a failure which 
remains to be explained. 
SUMMARY 

1. The behaviour of the blood pressure and heart rate to intravenous 
infusions of L-noradrenaline and ganglion block by hexa- or pentamethonium 
has been studied in fourteen unanaesthetized rabbits in their normal and 
hypertensive states. 

2. The pressor response to L-noradrenaline while the regulating reflexes 
were acting normally showed an insignificant difference between the normal 
and hypertensive, 23 and 29 mm Hg respectively. When, however, these 
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reflexes were largely inactivated by methonium compounds a significant 

difference was seen; 50 mm Hg in the normal state and 75 mm Hg in hyper- 

tension. This increase in sensitivity to noradrenaline developed slowly in 

approximately 4 weeks after hypertension had become fully established. 
3. The depressor effect of ganglion block by very large doses of hexa- or 


pentamethonium was significantly greater in hypertensives (21 mm Hg) than 
in normals (12 mm Hg). 


_ 4. When the behaviour of each rabbit was considered individually the pro- 
portional increase in sensitivity to ganglion block was significantly related to 
the proportional increase in sensitivity to noradrenaline. 

5. These results indicate that there is a change in mechanism between the 
acute and chronic stages of hypertension. Although the mechanism remains 
primarily a humoral one in the chronic stage, it is associated with an increased 
sensitivity to noradrenaline. 


6. The — of the blood pressure in hypertension remains extremely 
efficient. 


I should like to thank Mr W. P. Penn for his conscientious technical assistance throughout 
these experiments, and Messrs Bayer for supplies of L-noradrenaline. 
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STUDY OF THE PHOTOSENSITIVE PIGMENTS IN THE 
PINK AND GREEN RODS OF THE FROG 


| _ By E. J. DENTON ann J. H. WYLLIE 
From the Physiology Department, University of Aberdeen 


(Received 22 June 1954) 


It is generally accepted that, of the light striking an animal’s eye, the fraction 
useful for vision is that absorbed by the photosensitive. pigments in its retinal 
receptors. Spectral sensitivity and absolute sensitivity depend on the absorp- 
tion curves and optical densities of such pigments within the receptors. 

The methods which have been most used to measure the absorption curves 
and densities of visual pigments are those in which the pigments are extracted 
from the retina and studied in solution. Recently, however, Rushton (1952), 
Hagins & Rushton (1953a, 6) and Weale (1953a, 6) have made measurements 
on retinae in situ. 

One aim of the present experiments was to design a simple method for 


measuring densities of photosensitive pigments in individual receptors. The 


method evolved was applied to the study of frog retinae. Photomicrographs 
of a retina were made before and after bleaching its photosensitive pigments. 
From such photographs the following quantities were found: 

(1) The density change on bleaching of the individual visual purple filled 
rods for light of wavelength 0-52 pu. . 

(2) The relative areas of the rods and the spaces between them. : 

(3) The average retinal density change on bleaching for wavelength 0:52 p. 

(4) The curve of average retinal density change on bleaching against 
wavelength, 

Some information was also obtained about the numbers and spectral 
absorption of the green rods. 


MATERIAL ~ 
Freshly dissected retinae from freshly killed, dark-adapted Rana temporaria were used. The frogs 
were caught near Aberdeen a few days before the experiments which were performed in May and 
June, 
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METHODS 
Dissection and mounting of the retinae 
Using only very dim light (usually red) the retina was dissected out of the eye under Ringer's 
solution. It was then floated rod-side upwards into a well on a microscope slide. This well had been 
made by fixing a ring of wax to the slide. The well was filled with Ringer's solution and the retina 
was covered by a cover-slip. 
Light source, microscope and camera 
The microscope light source was a 48 W, 8 V tungsten filament lamp. an 
accurately controlled voltage of 7-5 V. The current to run the lamp was taken from two large 6 V, 


140 amp-hour car batteries in series, A holder for an opal screen and for colour filters. was mounted — 


in front of the light source. A holder for neutral gelatine filters was placed between the micro- 
scope mirror and the substage condenser. The neutral filters were therefore in the almost parallel 
beam of light coming to the substage diaphragm of the microscope. 

The flashes of light used were of constant duration and were given by a shutter rotating between 
the light source and the microscope mirror. The shutter was driven by a governed gramophone 
motor run through a constant voltage transformer from the 50 c/s, 230 V mains. The constancy of 
this motor was checked from time to time during the experiments. A second hand-operated shutter 
could be interposed in the light beam. 

The retina was focused in dim light (usually red), and great care was taken not to expose it to 
light other than that required for the experiment. | 

In all the experiments described here a # in. objective NA 0-28 was used with critical illumination 
and the photographs were made on Ilford HP 3 35 mm roll film using a constant exposure of 
10 sec, The film was developed in I.D. 11. The magnification from retina to film was 36 diameters. 
It is important not to use too high a magnification as so much light will have to pass through the 
preparation to take a photograph that the photosensitive pigments of the retina will be appreciably 
bleached. 

The condenser was used with an effective NA very close to, but less than, that of the objective. 


Methods of estimation 7 

The density change of individual rods for one given wavelength. The principle of the method is 
best described in terms of a hypothetical experiment. A colour filter is used to isolate a narrow 
band from the spectrum. Three photographs are made before bleaching. These differ only in that 
neutral filters of density D+0-3, D+0-2 and D+0-1 are placed in turn beneath the substage 
condenser. The preparation is now bleached for 2 min in the strong white light obtained by taking 
away both colour and neutral filters. This light is so bright that the preparation appears to be 
bleached completely in a few seconds. Ten minutes after bleaching, photographs are made with 
neutral filters in the series of densities D + 0-1, D+0-2, D+0°3, ..., D+1-5. 

The film is developed and enlargements are printed. Prints to be compared must be processed 
similarly at all stages after exposure of the film. 

From the prints it is possible to see what change in neutral filter exactly replaces the density 
change caused by bleaching. If this density change on bleaching were 0-5, then the rods on the 
photograph made with the neutral filter D+0-1 before bleaching would match those made with 
D+0-6 after bleaching. Similarly, D + 0-2 before bleaching would match D +07 after bleaching, 
and D+0-3 before bleaching would match D +0-8 after bleaching. 

The comparisons are made by cutting across a line of rods in a print of retina before bleaching, 
and laying the half rods at the edge of the cut against their corresponding halves on the prints of 
retina after bleaching. On these prints it is easy to compare the same individual rods before and 
after bleaching. The two halves of rod to be compared are isolated from their backgrounds with 
a small diaphragm and examined under a low-power binocular microscope. 

T'he average retinal density change on bleaching. The method is similar to that described above 
except that the comparisons are made by a simple photo-electric densitometer. A small part of the 
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film is interposed between a constant light source and a photo-electric cell. The output voltage of 
this cell is fed through a cathode follower to a voltmeter. From the series of photographs made 
after bleaching a graph is plotted of meter reading against the density of neutral filter which was 
under the substage when the photograph was made. | 

If now the meter reading given by a film made before bleaching with neutral filter D+0-1 
corresponds to one of D +0-67 (read from the graph) after bleaching, then the density change on 
bleaching is 0-57. 

The estimate of average retinal density change can be made more accurately than the estimate 
of the change of density of individual rods because the graph allows accurate interpolation between 
the density steps used. 

In two early experiments the measurements were made with the retina both in foous and far 
enough out of focus to give a uniform field. The values given in these two conditions were so close 
to one another that it was clear that very small errors would be introduced by using only in-focus 
photographs. In this way estimates of individual rod density changes and average retinal density 
changes were made using the same photographs. 

To determine the approximate spectral sensitivity curve of the principal pigment present. The method 
used is adapted from that described above for determining the average retinal density changes on 
bleachi 


TaBLe 1. Correcting factors for change in contrast of film with wavelength 


Mean wavelength 
transmitted Correcting 
by filter factor 
0-365 1-16 
0-400 1-06 
0-424 1-02 
0-474 1-02 
0-496 1-01 
0-519 1-00 
0-554 1-00 
0-585 0-95 


A calibrating series of photographs of the bleached retina is made at one wavelength (usually 
\ =0-52,) and a curve of meter reading against density constructed. Photographs are taken before 
and after bleaching for a series of colour filters covering the spectrum to be used. White light was 
used to bleach the retina. 

For each filter are found the meter readings for corresponding negatives made before and after 
bleaching. The density change to which these readings correspond is read from the graph. In this 
way the density changes for the lights transmitted by a series of filters can be found and a curve 
showing density change against wavelength can be plotted. The constrast of the film changes with 
wavelength. The corrections for this were found relative to the light transmitted by the Ilford 
filter 604, For each other filter used a calibrating series of photographs was made along with 
a corresponding series for the Ilford filter 604. All photographic conditions were the same as those 
used in the experiments apart from the absence of a retina. Plots of galvanometer deflexion 
against density of neutral filter used were made as described above. These were used to find 
factors correcting for change in contrast of film with wavelength. These factors are shown in 
Table 1. 

Estimation of proportion of total area covered by visual purple rods. This was made on enlarged 

prints of retina by measuring the diameters of many rods to give an average value and then 
counting the number of rods in a given area of the retina. The apparent diameter of a rod is not 
altered by bleaching. 

Time. The time required after bleaching to complete the measurements was longest for the 

- measurements of spectral absorption curves. Here the measurements were complete 30 min after 


bleaching. 
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There was no sign of regeneration of visual purple in these experiments. In several experiments 


measurements were made immediately after bleaching and 30 min later. In the green, A=0-52y, 


the greatest change in this time was a small increase in density of the retina of 0-03 log unit. 
This could not however be attributed to regeneration of visual purple for a similar change took 
place at other wavelengths. This change probably — a slight increase in the soe opacity 
or scattering properties of the retina. 

RESULTS 


For six retinae the average retinal density change, the individual rod density 
change, the proportion of the total area covered by visual purple rods, and 
the proportion of green rods were all measured. These results are given in 
Table 2, The density changes are given for the light transmitted by the colour 
filter Ilford 604. In making measurements on the individual visual purple 
rods in a retina these were not found to be all equally dark before bleaching 
but the density change on bleaching was very uniform, the dark rods before 
bleaching being the darker ones after bleaching. 


2. Information about retinal receptors obtained from 


Individual Average % area 
No. of rod density density covered fad by % green 
expt. change change pinkrods rods 


1 0°65 0-42 55 59 

0-67 0-48 64 7-5 

3 0-57 0°44 59 71 

4 0-71 0-46 50 14-5 

5 0-83 0-49 67 6-5 

6 0-50 0-38 58 75 
Av. for 
retinae 

1-4 0-66 0-45 59 8-2 

Accuracy 


The mean of the measurements of the average dinatty change for one retina 
has a standard error in density of 0-022. 

The accuracy of the measurements of density change of individual rods on 
bleaching is less than this. When comparing one photograph before bleaching 
with a series of photographs made with different intensities of light after 
bleaching it can be said, to take one example, that the density change is 
certainly more than 0-74 and certainly less than 0-96 and near to 0-85. The 
values 0-74, 0-96 and 0-85 are the accurate densities of the neutral filters used 
in the experiment. 

The maximum error of three such comparisons cannot be much greater than 
+0-05 in density. 


Spectral density difference curve for thes retina 
The spectral density difference curve on bleaching was determined for two 


retinae (Fig. 1). The values given are corrected for the change in contrast of 
the film with wavelength. 
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This experiment shows that the principal photosensitive pigment involved 
in these measurements is visual purple and that the difference curve on 
bleaching is very much like that obtained with extracts in solution. An 
accurate fit would not be expected in the blue because in these preparations 
the process of bleaching is complex (Denton, 19545). 


+100 | 


+ 


Density change as percentage of maximum density change 


| 


0-4 0-5 06 
Wavelength (1) 

Fig. 1. Comparison of the difference spectrum of frog visual purple in solution with that in intact 
retinae, The continuous line is the difference spectrum of frog visual purple in solution at 
pH 8-5 (Lythgoe, 1937). The points (@, and () give the spectral density change of two intact 
frog retinae bleached with white light. 


The green rods 

No accurate curve was determined for the change in density of the green 
rods on bleaching. Photographs were made with lights of different wave- 
lengths before and after bleaching with white light. Examples of such photo- 
graphs are shown in Pl. 1. There are two standards of reference in these 
photographs, first the spaces between the rods, and secondly the visual purple 
filled rods. It is therefore possible to make an estimate of both the absorption 
spectrum before bleaching and its changes on bleaching. When unbleached, 
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the green rods absorb strongly. in the blue (filters with mean transmissions 


0-4-0441), moderately in the yellow and red (filters with mean transmissions 
0-56-0682) and they are very transparent in the green (filters with mean 
transmissions 0-49 and 0-52,.). After ‘bleaching’ in strong white light they 
become much paler in the blue and darker in the green, while in the yellow and 
red there is little or no change. This is why when observed in white light the 
green rods become grey on bleaching. 

Using as a criterion of bleaching the large change in absorption in the blue, 
we have found that the green rods are easily bleached in blue light but are 
very insensitive to green light. They are also insensitive to the red light trans- 
mitted by the Corning cut-off filter 2408 which transmits wavelengths greater 
than 0-65. This last observation does not support the observation by Kiihne 
(1878) that the green rods are especially sensitive to red light. An exposure 
of this light which was sufficient to bleach the visual purple rods seemed to 
have no appreciable bleaching action in the blue or in the red on the green 
rods, 


DISCUSSION 


The values given above are for density change on bleaching for the light 
transmitted by the Ilford filter 604. The light transmitted by this filter is not 
all of the wavelength which visual purple absorbs best. If the accurate values 
for the spectral absorption curve of frog visual purple are those given by 
Hecht, Shlaer & Pirenne (1942) as an average of the results of Lythgoe (1937), 
Wald (1938) and Chase & Haig (1938) then the density change for the wave- 
length which is best absorbed would be 15-7°% higher than that for the light 
transmitted by the Ilford filter 604. 

If this correction is applied, the value of 0-66 for the density change of the 
individual rods for the light transmitted by the Ilford filter 604 is equivalent 
to a density change of 0-76 for the wavelength (0-5) which is absorbed best. 
The bleaching in these experiments is to a product which probably has at 
0-52 « some residual absorption of its own. If we assume that this product is 
that given by bleaching in neutral solution then the values given for the 
density changes will be some 8% lower than the absolute densities of visual 
purple (G. Wald, private communication). 

These values are much higher than those usually given by the method of 
extracting the visual purple, measuring its density in solution, and calculating 
the absolute density in situ on the assumption that the visual purple was 
originally spread uniformly over the retinae from which it was extracted. 
Using this method, Wald (1938) gives a value of 0-21 for the bullfrog, and 
Dartnall (1953) gives 0-25 for Rana temporaria. 

Hubbard (1954) has calculated, on the basis of measurements on extracted 
visual purple, that the density of visual purple along the axis of the outer limb 
of a rod of R. esculenta is 0-50. 
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_ The difference between the values given in this paper and those given by 


the above authors is mainly accounted for thus: the visual purple rods cover 
only 59% of the retinal surface; the molecules of visual purple are orientated 
in a regular fashion in the rods so that they absorb light coming down the 
axis of the rod more heavily than they would if the same molecules were 
arranged at random in the rods. The rods are known to be dichroic — 
(Schmidt, 1938; Denton, 1954a); when laid on their side the visual purple — 
in them absorbs polarized light heavily when the electric vector is across 
the rod axis and very slightly when it is along the axis of the rod. If we 
assume that the absorption of a molecule of visual purple depends on the 
angle between it and the plane of polarization of the incident light and falls 
off as the square of the cosine of this angle, then in the rods in their natural 
position the orientated visual purple molecules absorb 14 times more light 
than they would do if they were arranged at random. Taking these two factors 
into account, we can multiply the values of 0-21 (Wald, 4938) and 0-25 
(Dartnall, 1953) by (1/0-59) x 14 to give the values 0:53 and 0-63. The value 
of 0-50 (Hubbard, 1954) multiplied by 14 gives 0-75. These values for absolute 
densities are close to those given here for the density change of individual rods. 

Recently, Arden (1954) has made measurements on a suspension of rods _ 
and gives the value of 0-31 for the density of visual purple in the individual 
rods; this becomes 0-46 on correcting for the dichroism of the rods. | 


The average absorption of light by the visual purple in the retina 

The average retinal density change on bleaching was taken as a measure of 
this quantity. It was found to be 0-45 for light transmitted by Ilford filter 604 
(A=0-52 4). This figure is the average of six values given in Table 2. The density 
of 0-45 for the light transmitted by the Ilford filter 604 means probably a 
density of 0-52 for light of wavelength 0-504. This means that the retina 
absorbs about. 70% of light of wavelength 0-50 striking it. | 

The visual purple rods which before bleaching are darker than the spaces — 
between them become on bleaching more transparent-than these spaces. The 
spaces after bleaching are about 0-2-0-3 log unit darker than the rods. Two 
simple explanations suggest themselves: first, that the spaces contain sub- 
stances which absorb light more strongly than the contents of the bleached - 
rods; and secondly, that the rods, because of their higher refractive index, 
collect light from the spaces. In the conditions of these experiments light is 
converging with a maximum angle to the axes of the rods of 16°. If the 
refractive indices of the materials in rods and spaces are respectively 1-47 and 
1:38 as assumed by Helmholtz (1896), all the light entering the end of the rod 
will be totally reflected from the inside of the walls and will reach the other 
end of the rod. Most of the light falling on th »., ces between the rods will 
strike the outside surfaces of rods once or several times, and at each reflexion 


4 
“a 
@ 
ayy 
> 
x 
ay 
4 
‘ 


88 E. J. DENTON AND J. H. WYLLIE 


a proportion will be refracted into a rod. This process would make the visual — 


purple more effective in the eye than might be suggested by its density in the 


individual rods and the fraction of the area covered by them. No attempt has } 


been made to estimate the relative importance of such factors as these. 


The green rods 


The green rods were first. described by Boll (1876) and by Kiihne (1878). 

The green rods show their major photosensitive change on bleaching in the 
blue. At wavelengths around-0-43 1 they become much paler, and it seems 
likely that whatever else their function, they will act as blue-sensitive receptors 
(Granit & Munsterhjelm, 1937). 

The darkening in the green is more surprising since none of the photo- 
sensitive pigments so far studied in solution shows on bleaching an increase 
_ in absorption for wavelengths longer than those at which it absorbs best when 
unbleached. | 
The absence of a change in the absorption of red light by the green rods 
when they are ‘bleached’ suggests that this absorption is made by a light 
stable pigment in these rods. 

It is clear, however, that frogs could have dichromatic colour vision using 
only their retinal rods. There is therefore no certainty for other animals that 
colour vision will necessarily be cone vision. 


SUMMARY 
1. Simple methods of determining, on freshly dissected 
retinae, the average retinal density change on bleaching and the individual 
retinal receptor’s density change on bleaching are described. 


_ 2. For the retina of Rana temporaria the visual purple rods occupy about — 


60% and the green rods about 8% of the total area. 

3. The green rods which before bleaching absorb heavily in the blue 
(A=0-4-0-44), slightly in the yellow to red (0-56-0-68 1) and are very trans- 
parent in the green (0-49-0-521), become on bleaching with white light much 
paler in the blue and darker in the green while in the sepia and red there | 18 
little or no change. 

4. The individual visual purple rods show on bleaching a density change of 
about 0-66 for the light transmitted by the Ilford filter 604 (Ajjogn = 0°52 4). 

5. The average retinal density change on bleaching which is shown to be 
dominated by that of the visual purple rods is about 0-45 at A=0-52 p. 

6. The values of 0-45 and 0-66 for density change for A=0-52y would 
presume still higher absolute densities of visual purple in the unbleached 
retina for A=0:5y. They are, nevertheless, high compared with estimates of 


these quantities made on the basis of studies “ extracted visual purple. 
The reason for this is discussed. | 
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EXPLANATION OF PLATE 


Photomicrographs all of the same part of one frog’s retina 
(2) This photograph was taken with green light before bleaching the preparation. The numerous 
visual purple rods absorb this light heavily and appear dark. The occasional rods which 
appear light do so because they transmit the green light very well. These are the green rods; 
when viewed in white light they appear grass green while the others are pink. 


(b) Like (a) this photograph was taken before bleaching. Blue light was used. The visual purple 


rods are almost transparent while the green rods absorb heavily. 


- (c) This photograph is identical with (a) in all respects except that it was taken after bleaching 


the retina with strong white light. 
(d) This photograph is identical with (6) in all respects except that it was taken after bleaching the 
retina with strong white light. 
The mean wavelengths used were 0-52 for the green light and 0-42, for the blue light. 
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THE EFFECTS OF SOME COMMON CATIONS ON 
NEUROMUSCULAR TRANSMISSION IN INSECTS 


By G. HOYLE 
From the Department of Zoology, University of Glasgow 
(Received 2 July 1954) 


Normal neuromuscular transmission in vertebrates is dependent on the muscle 
being bathed in a medium containing special concentrations of the ions of 
sodium, potassium, calcium and magnesium (Locke, 1895). The limits of 
_ variation in calcium and magnesium ions which can be tolerated are particularly 

narrow (del Castillo & Stark, 1952; del Castillo & Engbaek, 1954). This makes 
_ it especially important to examine the effect of ions on neuromuscular trans- 
mission in insects, for insect haemolymph has frequently been found to contain 


TaB_E 1. Cation concentrations in the haemolymph of various insects 


m-equiv/l. 
Insect State Diet Na K Ca Mg Authors 
(L) Bombyx mori Larva Leaves 6° 33 36 100 _ Bialaszewicz & 
| Landau (1938) 
(L) Samia walkeri poe Nil 3 42 18 .64 Babers (1938) 
(O) Carausius morosus Adult Leaves 9 28 16 145 # Duchateau, Florkin & 
| Leclereq (1953) 
(O) Schistocerca gregaria 5th Leaves 81 5 18 365 Duchéteau, Florkin & 
Leclercq (1953) 


(C) Lytta molesta — Adult Leaves — 
(H) Oncopeltus fasciatus Adult Leaves — 


| 


(0). stigmata Adult Leaves 61 — 
(C) Cicindela maritima Adult Insects 162 9  Boné (1944) 
(0) Gryllotalpa vulgaris Adult Insects 174 11 — — _ Boné (1944) 
(O) Adult Leaves 103 11 — Hoyle (1954) 

Locust saline ne — M40 10 4 4 Hoyle (1954) 


(L) Lepidoptera; (C) Coleoptera; (0) Orthoptera; (H) Hemiptera. A dash indicates that no 


concentrations of inorganic ions which are quite extraordinary by vertebrate 
standards. In media containing only a tenth of the magnesium concentration 


of the beetle Lytta ‘molesta (Clark & Craig, 1953) for example, transmission in — 


_ any vertebrate preparation would be completely blocked. The data on cations 
in insects have recently been collected and supplemented by Duchateau, 
Florkim & Leclereq (1953). A few extreme values of cations from their tables 
and others are presented in Table 1 to give an indication of their range. 
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It is interesting to note that although these peculiar ionic compositions have 
been described frequently, no experimentalist has used salines based on them 
for insect preparations. In fact most of the salines used (list in Roeder, 1953) 
are noticeably similar in ionic concentrations to frog Ringer’s solution. The 
highest potassium concentration used on an insect preparation was 20 mm 
(cockroach heart, Yeager, 1939), the commonest only 2-6mm. The lowest 
sodium concentration was more than 100 mm, although some authors could 
find none, or only traces, in the blood. The highest calcium concentration used 
was 8 mm (also Yeager, 1939), the commonest 2 mm. The highest magnesium 
concentration used was only 2 mm, although analysis figures of 50 mm and 
above are common. Most workers probably made the assumption that the 
analyses gave no real indication of the ionic composition of the haemolymph. 

The present work describes the effects of various potassium, magnesium and 
calcium concentrations on the process of neuromuscular transmission in the 
‘fast’ system of the extensor tibialis muscles of the metathoracic legs of the 
locust. Locusta migratoria migratorioides R. & F. and the cockroach Peri- 
planeta americana L. | 

METHODS 


The locust preparation used was similar to that described elsewhere (Hoyle, 1955) and the muscle 
used was the extensor tibialis of the metathoracic leg. This muscle is innervated by branches of 
a single ‘fast’ axon. After repeated branching the axon supplies several nerve terminals to each 
muscle fibre. The nerve trunk containing the axon was stimulated by applying electric pulses to it 
in the thorax: brisk twitches of the muscle follow single shocks. The cockroach preparation was 
similar to that of the locust, but a slightly different bath was used for it. Its extensor muscle also 
appears to be innervated by a single ‘fast’ axon (cf. Pringle, 1939), though a detailed study has 
not been made. In each preparation the antagonist muscle was removed and the whole prepara- 
tion bathed in saline. Electrical recording of activity in single muscle fibres was effected with the 
aid of intracellular capillary microelectrodes. 

The basic saline used for both animals was similar to that used in earlier work on Locusta 


(Hoyle, 1953), with the following composition in m-mole/l.: K, 10; Na, 140; Ca, 2; Mg, 2; 


H,PO,, 6; HCO,, 4; Cl, 148. Calcium and magnesium ion changes from ~2 mm to + 10 mM were 
made simply by addition or omission of the chlorides without compensation; greater additions 
were accompanied by equivalent reductions in the sodium chloride concentration. Potassium 
changes were effected by altering the ratio of sodium to potassium chlorides, whilst maintaining 
the same total molar concentration. The bathing fluid was simply circulated over the muscle with 
the aid of a pipette. _ 

RESULTS 


In both animals the resting potential obtained with intracellular electrodes is 
about 60 mY in the basic saline. Following the arrival of a nerve impulse down 
the ‘fast’ fibre a rapid depolarization of the muscle membrane develops. This 
may not reach the zero base-line but in some fibres it actually overshoots by 
up to 15m¥V. Repolarization is effected immediately following the peak 
depolarization at about the same rate as the depolarization. There is some- 
times a slight step in the rising phase of the potential which is clearly evident 
in traces obtained with a fast time-base. This step is evidence that the potential 
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change is composed of two parts, an end-plate potential and an active mem- 
brane response. Typical records are shown in Fig. 1. The potentials are generally 
similar to those recorded with intracellular electrodes from vertebrate muscles 
at the end-plate regions (Fatt & Katz, 1951; Nastuk, 1953), although they are 


(a) Locust | (b) Cockroach 
Fig. 1. Resting and action potentials in response to nerve stimulation, recorded from single 


muscle fibres with an intracellular electrode. a, Extensor tibialis of Locusta migratoria; 
b, extensor tibialis of Periplaneta americana. Time marks, | msec. 
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Fig. 2. A comparison of the resting membrane and action potentials of cockroach and locust 
muscle, both at 20° C, with those of frog muscle at 22-23° C recorded at the end-plate region 
(from Nastuk, 1953). The reference potential of the bath electrode is taken as the zero line for 


each trace. The point of inflexion in the rising phase of the action potential is indicated in 
each case. 


asinndhen in magnitude and have a much slower rise; ; they are compared in Fig. ber 
A typical response from normal frog muscle, recorded at an end-plate r 

(taken from Nastuk, 1953) is drawn on a linear scale. Typical responses from 
the author’s records of cockroach and locust muscle are drawn on the same 
scale. The zero base-lines, corresponding to the potential of the microelectrode 
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in the saline bathing the preparation, are arranged to coincide, and also the 
starting-points of the action potentials. The sinaller size of the muscle-fibre 
action potentials in the insects is largely due to their lower resting potentials, 
for if these are artificially raised by passing polarizing current across the mem- 
brane through an adjacent microelectrode, the end-plate potentials (e.p.p.'s) 
are raised correspondingly (Hoyle, 1955). Cockroach muscle occupies & posi- 
tion intermediate between frog and locust muscle, but the rates of rise of the 
potentials from the insect muscles are markedly slower than those of verte- 
brate muscle, The rate of rise of the end-plate potential is 220 V/sec in frog 
(Nastuk, 1953), 38 V/sec in cockroach and 14 V/see in locust. The rate of rise 
of the action potential is 670 V/sec in frog, 36 V/sec in cockroach and only 
17 V/see in locust. 

The insect muscle fibres are innervated at many points along their length, 
and end-plate potentials therefore develop at several points nearly simul- 
taneously (Roeder & Weiant, 1950; del Castillo, Hoyle & Machne, 1953; 
Hagiwara, 1953; Hoyle, 1955). The muscle-fibre membrane is depolarized as 
a whole, ‘lifting’ nearly synchronously along its length owing to the combined 
effect of numerous e.p.p.’s. There is no clear evidence that a propagated wave 
of electrical activity, such as effects the excitation of a vertebrate muscle fibre 
as it travels outwards from the end-plate region, is ever involved in insect- 
muscle excitation. The membranes of the insect muscles studied give active 
responses when depolarized rapidly enough and to a sufficient extent, as can 
be shown by passing depolarizing pulses through a second microelectrode 
inserted into the same fibre, close to the first. These responses are, however, 
very variable in height. This variability accounts for the frequent failure to 
observe an overshoot of the zero base-line. The e.p.p. is the largest and fastest 
part of the insect muscle-action potential in response to nerve stimulation and 
may be the principal agent in exciting the contractile mechanism. In ageing 
preparations no fibres can be found in which an active membrane response can 
be elicited, although large e.p.p.’s are still present. Such muscles still develop 
fairly brisk twitches in response to single ‘fast’ impulses. 


The effect of potassium rons 

The resting and action potentials are both greatest when the saline contains 3 
no potassium, The curve relating potassium concentration to membrane poten- 
tial for Locusta muscle fibres has been given in an earlier paper (Hoyle, 1953); 
it follows the same general shape as that for frog sartorius muscle fibres (Ling 
& Gerard, 1949), squid giant axons (Curtis & Cole, 1942) and crustacean muscle 
fibres (Fatt & Katz, 1953). The magnitude of the end-plate potential is 
directly proportional to the resting potential (del Castillo e al, 1953). It 
follows that any reduction of the resting potential, such as that effected by 
raising the external potassium ion concentration, is immediately reflected in 
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a reduced e.p.p. due to the smaller ‘battery voltage’ available. This effect is — 


independent of any effect which a raised potassium concentration may have 
on the magnitude of the short-circuit produced at the end-plate region per 
impulse, i.e. on the transmitter mechanism. Actually potassium does not seem 
to affect the latter. A typical example is shown in Fig. 3. In the example the 
resting potential fell from 58 to 28 mV (5th trace) in 40 mm-potassium. The 
resting potential is shown in this, and in most of the other figures, for the first 
record at the start of the experiment, i.e. for the upper trace. Subsequently 
the electrode was left in a single muscle fibre during the course of the experi- 
ment, in which time amplifier drift was appreciable. Hence in all subsequent 
traces the resting potential trace has been omitted or deleted. When an accurate 
resting potential was required the electrode was withdrawn, the amplifier 
balanced witthe electrode tip in the earthed saline, and the tip re-inserted in 
the same fibre. Along with the fall in the resting potential the e.p.p. fell from 
about 35 to 15 mV. This change is exactly that which would be expected if the 
membrane potential had been artificially lowered to the same extent by passing 
depolarizing current with the aid of a second microelectrode. It seems highly 
probable, therefore, that the raised potassium does not affect the charac- 
teristics of the processes occurring at the nerve terminals but that its effect on 
the e.p.p. is indirect, as the result of the reduced membrane resting potential. 
The last two traces (vi and vii) in Fig. 3 show the result of further stimulation 
(fatigue) on the résponse in 40 mu-K. The apparent continuity indicates a close 
similarity between the action of raised potassium and of fatigue by continued 
stimulation, when there was a further fall in the resting potential. 


The raised potassium also affects the active membrane response (Figs. 3, 4). 


In the locust example, in which the resting potential fell from 58 to 28 mV, the 
active response declined from 26 to 6mV. It declined progressively and did 


not disappear completely until the preparation was ageing. The active mem- 


brane response is evidently unlike the vertebrate-propagated action potential. 
It is a local and variable event, and it shows a relationship to the e.p.p., being 
large when this is also large, small when it is reduced in height. As the action 
of potassium proceeds the latency increases, being 2 msec longer at the end of 
the test (Fig. 3) than at the beginning. The response to the second of a pair of 
shocks is also shown in Fig. 3. The time interval between the shocks was 
adjusted to the minimum at which the height of the‘response to the second 
was just equal to that of the first. In this locust example the raised potassium 
led to the development of a ‘positive’ after-potential, which is rather sur- 
_ prising, and this was reflected in an increased e.p.p. in response to the second 
shock. The effect of 40 mm-potassium on a cockroach musele fibre is illustrated 
in Fig. 4, 2nd and 3rd traces. The e.p.p. and active membrane Eeeponee Were 
affected in a similar manner to those of the locust. There is, however, a ‘nega- 
tive’ rather than a ‘positive’ after-potential and the e.p.p. in response to the 
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Fig. 3 | Fig. 4 
Fig. 3. The effect of 40 mm-K saline on the electrical response to nerve stimulation recorded with 
an intracellular electrode. Extensor tibialis of Locusta. (i) the response in normal saline, The 
upper trace registers the zero base-line and also the contraction of the muscle. Time signal of 
1000 c/s superimposed. (ii-v), the progressive effect of replacing the normal saline with 

40 mmu-K saline. (vi and vii), the effect of continued stimulation (fatigue). 


Fig. 4. The effect of 40 mm-K saline on the electrical response to nerve stimulation recorded with — 
an intracellular electrode. Extensor tibialis of Periplaneta. (i) the response in normal saline. 
Time signal of 1000 ¢/s superimposed on zero base-line. (ii and iii), the responses in 40 mm-K 
saline to single and paired stimuli. 3 
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second of a pair of shocks at an interval which produced a large e.p.p. and — 
active membrane response in the locust, led to: smaller e.p:p: with no active | 
membrane response in the cockroach. 

During the period in which potassium is agai: to 40 mm the twitch tension 
gradually declines by at least 50 % of its initial value. Potassium diffuses slowly 
to the deepest fibres and the tracheolated membranes surrounding muscle 


~—units act as partial diffusion barriers (Hoyle, 1953) so the tension is m part due 
» to fibres relatively unaffected by the high potassium, There is no doubt, how- 


ever, that surface fibres are twitching, if weakly, in response to the small 
e.p.p.’s. Only when these are reduced to about 5 mV by even higher potassium 
concentrations, does the twitch become reduced to zero. At this stage, the 
muscle still responds to repetitive stimulation, Contracting in a similar manner 
to that observed when it is excited normally by the slow nerve (Hoyle, 1955). 
A phenomenon of this kind might be attributable to a process of neuro- 
muscular facilitation, but there is no electrical evidence of such a phenomenon.’ 
The muscle action potentials actually decline in height in 40 mm-K during 
nerve stimulation at intervals of 20 msec and less, although there is consider- 
able mechanical summation, It seems probable that the contractile material 
is capable of progressive excitation by long trains of small e.p.p.’s. Summation 
of excitatory effects is needed to produce full contraction in the muscle in basic 
saline, even in response to the large electrical excitations of the ‘fast’ fibre. 


The effect of magnesium ions 

hates in the magnesium ion concentration of the order of 2 x normal 
probably depress the response to nerve stimulation, but the effect occurs too 
slowly to be clearly distinguished from ordinary deterioration of the prepara- 
tion. A concentration of 5 x normal (10 mm) exerts a rapid effect on the action 
potentials of the muscles of both types of insect and there is a marked reduction 
in the twitch tension. The e.p.p.’s decline progressively in height, and at the 
same time the active membrane responses take off from their e.p.p.’s later and 
later until they disappear leaving pure e.p.p.’s (Figs, 5, 6). In the cockroach 
example (Fig. 5) the e.p.p. fell from about 36 to less than 10 mV in 3 min. As 
the active response became retarded it also became reduced in magnitude, and 
slower both in rise and fall. In addition to its action on the e.p.p., magnesium 
increases the extent to which the muscle membrane is refractory following an 
initial excitation. Whereas in the normal muscle the second of a pair of shocks 
at 20 msec intervals elicits both a large e.p.p. and a full active response, the 
magnesium-treated muscle, still with a large e.p.p. in response to. the second 
shock, shows almost no active response (Fig. 6). In this figure the first. trace 
shows the almost immediate effect of magnesium on the response to nerve 
excitation. There is also a ‘positive’ after-potential following the large active 
membrane response. A second shock produces a slightly larger e.p.p., partly 
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1000 ¢/s | 
“Fig. 5 Fig. 6 

Fig. 5. The effect of 20 mm-Mg saline on the electrical response to nerve stimulation recorded with 


an intracellular electrode. Extensor tibialis of Periplaneta. (i) the response in normal saline; 
(ii-v) the progressive deterioration of the response in 20 mm-Mg saline. Time trace, 1000 o/s. 


Fig. 6. The progressive effect of 10 mm-Mg saline on the electrical response to nerve stimulation 
recorded with an intracellular electrode. Extensor tibialis of Locusta. (i) the immediate effect 
on the responses to paired stimulation ; (ii) single e.p.p. at the point at which it just fails to 
produce an active membrane response; (iii), a pair of shocks at the stage of (ii) to show 
facilitation of e.p.p.; (iv), later stage, 
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owing to the after-potential, partly owing to facilitation. This e.p.p., however, : 


gives rise to only an abortive active membrane response, indicating refractori- 
ness in the response mechanism. The second trace, taken when the magnesium 
had been acting for a further period, shows tie long-lasting pure @.p.p. pro- 


duced when this is just too small to evoke an active membrane response. The 


third trace shows the marked facilitation in e.p.p. size at the same stage in 
response to successive stimulation. In this instance the enhanced e.p.p. gave 
rise to an active membrane response. After a farther application the e.p.p. is 
still further reduced in height, and although the response to a second impulse 
is enhanced, it is too small to evoke an active membrane response (lower 
trace). 

It has long been known that vertebrate muscle in which the motor nerve has 
been cut and allowed to degenerate shows a considerably depressed excit- 
ability in solutions containing abnormally large concentrations of magnesium 
(Ashkenaz, 1938). The effect of magnesium on the e.p.p.’s of insect muscle 
closely resembles its action on partly. curarized vertebrate muscle (del Castillo & 
Engbaek, 1954). Hence magnesium has a dual action, on the magnitude of the 
end-plate potential and on the excitability of the muscle membrane, in both 
insects and vertebrates. The action of magnesium on the process of neuro- 
muscular transmission explains its paralysing effect when 1 ss jected into insects 
g. Levenbook, 1949). 

The effect of calcium ions 


_ Magnesium paralysis i is a common phenomenon in invertebrate cindy, : 


and the ease with which it is both produced and relieved renders its use a com- 
mon tool in the laboratory, handling of invertebrate animals. The paralysis 
can always be relieved by the addition of calcium salts (review in Heilbrunn, 
1952). A drop of m-calcium chloride added to the bathing fluid quickly pro- 
duces a reduction in the magnesium effect described above in locust and cock- 
roach preparations. This is illustrated in Fig. 7. The first three traces show the 
progressive effect of a raised magnesium concentration on the e.p.p. and active 
membrane response. At the stage of the third trace, a drop of m-CaCl, was 
added to the bathing fluid, and almost immediately the e.p.p. was raised, and 
a fairly large active membrane response came off it (bottom trace). The small 
e.p.p.’s recover their original size and the full active membrane responses come 
off without delay. In vertebrates, raised calcium concentration is thought to 


effect an increase in the quantity of chemical transmitter released at the nerve — 


endings. The antagonism may therefore be due to an independent action of 
the two ions affecting the quantity of transmitter substance released at each 
nerve impulse. As yet there is no evidence that a chemical transmitter is 
involved in the transmission of excitation at insect neuromuscular junctions, 
but the general similarity between the production of the end-plate potentials 
and the similar effects of magnesium and calcium ions on them in the two 
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groups, makes it seem likely that similar phenoméng ate involved, even if the 


E specific chemical substances are different. 
Re The concentration of calcium needed to counteract the blocking action of | 
‘ increased magnesium concentration is about half that of the co ee 
8 
| 
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di Fig. 7. The effect of calcium on the depressed response of the extensor tibialis muscle fibres of 
ae, Locusta to nerve stiraulation, recorded with an intracellular electrode. (i-iii), the depression 

of the e.p.p. effected by raising the magnesium concentration to 20 mm. At (iii), a drop of 
ou m-calcium chloride was added to the bathing fluid. (iv) shows the antagonistic effect of the 
to calcium to the magnesium depression. | 
ve 
of Ptbove these concentrations various effects on the muscles become apparent. 
h There is a loss of membrane potential and a deterioration of the fibres, pre- 
is [| ceded by fibrillation. According to the determinations of Duchateau ef al. — 
is, (1953), the cation concentrations in Locusta haemolymph are: Na, 67-5 mm; 
ls K, 9-0 mm; Ca, 7-6 mm; Mg, 13-5 mm. The author’s values for sodium (Hoyle, 
er 1954) are somewhat higher (108 mm). A saline was made up containing the 

7-2 


Duchf&teau et al. eohoetrstions of ions made up with appropriate chlorides, 


having a total cation content of 118-6 m-equiv/l. compared with 168 m-equiv/1. 


in the author’s saline. When freshly exposed locust muscle is bathed in the — 
high-magnesium saline it almost immediately goes into fibrillation. After — 


about 15-20 min the fibrillation subsides and fairly normal responses can be 


obtained following either nerve excitation or direct stimulation of the muscle _ 


_ membrane through an intracellular electrode. Nevertheless, the resting poten- 

tial is not more than about 50 mV in this saline, and it cannot be regarded as 
an adequate substitute for the haemolymph as a physiological medium. How- 
ever, it is only necessary to raise the total osmotic strength of the solution by 
adding sodium chloride, and to reduce the magnesium to 2 mm, for a satis- 
factory medium to be obtained. 


1000c/s 


Fig. 8. The effect of calcium-free saline On the electrical response to nerve stimulation recorded 
with an intracellular electrode. Extensor tibialis of Locusta. (i-iii), the progressive decline 
in height, and in rate of rise, of the e.p.p. Time trace on zero base-line of (i) at 1000 c/s. 


_ A reduction in the calcium content of the saline to zero has a similar effect 
to that of raising the magnesium (Fig. 8). The e.p.p.’s become smaller and the 
active membrane responses take off later and later. At the same time the 
e.p.p.'8 become greatly prolonged and eventually reach a level at which they 
last for 800 msec. Calcium is also essential for the production of end-plate 
potentials in vertebrates (del Castillo & Stark, 1952), but the vertebrate e.p.p. 
is simply reduced in size in the absence of calcium, its time-course being 
unaffected, whereas in the insect the time-course is slowed down con- 
siderably. 
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| DISCUSSION 

From the evidence presented above it is apparent that the process of neuro- 
muscular transmission in the insects studied is affected by the concentrations 
of cations in the fluid bathing the muscles, in a similar manner to that in 
vertebrates. A minimum concentration of calcium ions is a common essential 
before transmission is possible. There is in both groups an upper limit of mag- 
nesium concentration above which the end-plate potential is reduced in mag- 
nitude to a level at which it fails to excite the active membrane response. Also, 
potassium ions in high concentrations effect a reduction of the resting potential 
in both cases, accompanied by a depression of transmission. The ionic con- 
centrations at which these effects occur do not differ greatly for the two 
groups. 

However, the insect muscles must be regarded as much more tolerant to 
extreme variations in the ionic concentrations of the bathing medium than the — 
vertebrate, because they can still give powerful contractions in media which 
completely paralyse vertebrate muscles. To some extent this difference must 
be due to the greater ease with which a small electrical change at the surface 
membrane excites contraction in the insect muscle fibre, where it is evident 
that even a small end-plate potential can bring about a muscular contraction. 
A subthresfiold €.p.p. in a curarized vertebrate muscle fibre does not produce 
any contraction visible under the microscope. 

An important part in determining the difference in tolerance must be played 
by the different modes of nervous excitation. In vertebrates there is usually 
only a single motor-nerve ending on each muscle fibre and the electrical events 
associated with the end-plate potential, even if they excited muscular con- 


traction locally, would be confined to such a small area of the muscle fibre that 


they would produce a negligibly small mechanical effect overall. Only when 
a large, propagated wave of electrical activity develops from the local active 
membrane response initiated in the end-plate region does the muscle fibre 
contract in the characteristic all-or-nothing manner. Any agent which either 
reduces the magnitude of the end-plate potential (high Mg or low Ca, or 
curare) or reduces the excitability of the membrane (high Mg), leads to the 
sudden development of paralysis at the point where excitation of the propa- 
gated wave just fails to be produced. By contrast to the vertebrate, the insect 
muscle fibre is innervated at several points along its length and the combined 
electrical events associated with the e.p.p.’s affect the whole of its surface. 
These events lead to the production of an appreciable mechanical contraction 
even when there is no active membrane response. For maximal twitch con- 
traction no doubt the muscle fibre needs a large active membrane response in 
addition to large e.p.p.’s, but when a change in the inorganic composition of 
the bathing medium leads to the reduction of the e.p.p.’s and failure of the 
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active membrane response, there is no sudden failure of contraction, which 
persists in some measure even when the e.p.p.’s are very small indeed. 

In view of this type of nervous excitation in insects, neither the wide range 
of physiological medium in which insect mitiscle can function, nor the wide 
range of ionic concentrations found in insect haemolymph, need be regarded 


with as much surprise as has been accorded in the past, at least not in regard — 


to muscle function. Fairly high magnesium-ion concentrations may be expected 
to be present in some insects, although the very high values found by chemical 
analysis of blood are most unlikely to represent free ionic concentrations. The 
potassium concentrations found in insect blood are much more likely to repre- 
sent free ionic ones. It remains true, however, that the optimal medium for 
insect neuromuscular functioning contains values of the common cations quite 
similar to those found in frog Ringer’s solution. 


SUMMARY - 


1. The effects of various concentrations of potassium, calcium and mag- 
nesium ions on the process of neuromuscular transmission in the ‘fast’ systems 
of the leg muscles of two insects, Locusta migratoria and Periplaneta americana 
have been studied with the aid of intracellular microelectrodes. 

2. Potassium-ion concentrations of 40 mm rapidly reduce the magnitudes 
of the resting potential, end-plate potential and active membrane response. 

3. Magnesium ions in concentrations of 10 mm rapidly reduce the size of the 
end-plate potential and also lower the excitability of the muscle-fibre membrane. 

4. Calcium ions are essential for the development of the end-plate portal. 
They antagonize the effect of magnesium ions on the e.p.p. 

5. Concentrations of potassium and magnesium ions which lead to the 
development of complete contraction-failure in response to nervous stimula- 
tion in vertebrates, still allow the development of appreciable tension in 
response to trains of impulses in the insects studied. 

6. It is suggested that this contraction in media which block transmission 
in vertebrates is due to the fact that the insect muscle fibres receive multiple 
motor-nerve endings and that the insect muscles are responding to the elec- 
trical disturbances associated with e.p.p.’s alone. These local responses involve 
an appreciable proportion of the insect muscle fibres. 
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THE EFFECT OF GALVANIC POLARIZATION ON THE 
IMPULSE DISCHARGE FROM SENSE ENDINGS IN THE 
ISOLATED LABYRINTH OF THE THORNBACK RAY 

(RAJA CLAVATA) 


By 0. LOWENSTEIN 
From the Department of Zoology and Comparative Physiology, 


Birmingham University 
(Received 20 July 1954) 


Experiments will be described which were carried out with the object of 
studying the effect of galvanic polarization on the behaviour of labyrinthine 
sense endings, chiefly in the crista of the horizontal semicircular canal. The 
electrical responses of single sensory units to rotatory stimulation of this 
organ have been fully analysed and described in previous papers (Lowenstein 
& Sand, 1940a, 6; Groen, Lowenstein & Vendrik, 1952). The existence of an 
exceptionally steady resting discharge in these sense endings, and their 
responses to oppositely directed mechanical stimuli by an increase or decrease 
in the frequency of this resting discharge, made it appear desirable to compare 
their behaviour in response to galvanic polarization with the corresponding 
responses from other sense organs (Matthews, 1931; Katsuki & Yoshino, 
1952), and from galvanically stimulated nerve fibres (Fessard, 1936; Katz, 
1936; Skoglund, 1942; Bernhard, Granit & Skoglund, 1942; Hodgkin, 1948). 
It was also intended to investigate the possible relationship between the 
experimental observations and the ‘generator potential hypothesis’, according 
to which a galvanic potential is presumed to bridge the gap between changes 
in the auxiliary sensory structures and the afferent impulse discharge con- 
_ ducted along the sensory nerve (Adrian & Zotterman, 1926; Skoglund, 1942; 
Granit, 1947; Katz, 1950; Davis, Tasaki & Goldstein, 1952; Jielof, Spoor & 
de Vries, 1952; Katsuki & Yoshino, 1952; Gray & Sato, 1953). 


METHODS 


The isolated labyrinth was prepared as described by Lowenstein & Sand (1940a), and mounted on 
a torsion swing (Groen et al. 1952). After selection of a suitable single unit preparation of the 
horizontal semicircular canal, its impulse response to angular acceleration was tested, and 
sensory units showing clear reactions to both ipsi- and contralateral acceleration were chosen in 
preference to others. The chlorided silver forceps electrode picking up the nerve twig from the 
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horizontal ampulla, and the chlorided silver wire serving as neutral electrode, applied to the 
brain case as far as possible from the point of emergence of the nerve twig, were then connected 
to the d.c. stimulator shown in Fig. 1, with 0-002 uF blocking condensers in the amplifier leads. 
This stimulator, for the design of which I am indebted to Mr J. T. Allanson of the Department 
of Electrical Engineering, Birmingham University, is based on principles incorporated in the 
high-impedance d.c, stimulators described by Skoglund (1942) and Katsuki & Yoshino (1952), 
Minute constant currents can be routed through the nerve, and the current strength can be 
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Fig. 1. Circuit of constant current d.c. stimulator. 


smoothly increased and decreased, The stimulator also offers the means of a reversal of current 
direction with a transit through zero current. Long, medium and short time constants provide 
different slopes of current change. The currents were measured by means of a critically 
damped scalamp galvanometer in series with the stimulator (100 scale divisions deflexion per 
pA). The impulse discharges were recorded on bromide film or on magnetic tape, from which 
selected runs could be re-recorded on film for the quantitative evaluation of discharge:rates. The 
magnetic tape record of long periods of discharge activity could also be transcribed by recording 
oscillographically the voltage fluctuations at the output of a counting-rate meter, using a slow 
film camera. 

The present results are based on records from eighty-nine nerve twigs in fifty-two isolated 
labyrinth preparations. 

RESULTS ‘ 


In the following description of the impulse responses of the labyrinthine sense 
endings to galvanic polarization, reference will be made to ascending and 
descending currents. An ascending current flows from the cut central end of 
the sensory nerve twig, which is held in the combined stimulating and 
recording electrode, towards the sensory epithelium. Return of current is 


- effected through the brain case and the neutral electrode. The reverse holds 


for a descending current. | 

Fig, 2 shows the discharge rates of a single unit in the horizontal canal in 
response to. ascending and descending currents. In the case of this experiment 
(and in those illustrated in Figs. 6 and 7) the current source was a battery and. 


a 
4 
150K 100 K 150K 
R R R 
2 3 
, 
<a 


106 0, LOWENSTEIN 


the stimulating current was made and broken by means of a switch. The | 


experimental set-up in this instance did not allow of an accurate assessment 
of the strength of the current flowing through the nerve itself, but it is safe to 


assume that this was below 1A. It will be seen that the make of the ascending _ 


current is followed by an immediate rise of the discharge frequency from the 
resting level of 13 impulses/sec to a peak frequency of 52 impulses/sec. During 
the 5.sec of continued flow of constant current, the discharge rate adapts 
rapidly at first and then at a considerably slower rate to a level of 28impulses/sec. 
At this point the switch is opened and the discharge rate returns rapidly to, or 


$ 


Dischar ge frequency (impulses/sec) 


a 


Time (sec) | 
Fig. 2. Discharge frequencies from a single sensory unit of the horizontal semicircular canal 
in response to ascending and descending polarizing currents. @, ascending current; 
O, descending current; +), make or break of current. | 


slightly below, the basic level. Often, under similar conditions, there is quite 
a considerable transitory depression of the discharge rate below the resting 
level (post-excitatory depression). This is hardly noticeable in the experiment 
represented in Fig. 2. The effect of a descending current is in all respects the 
opposite. After completion of the circuit the discharge rate falls steeply and 
complete inhibition ensues. During the prolonged flow of the descending 
current, adaptation occurs which leads to the reappearance of the impulse 
discharge 54 sec later. After the discharge has settled down to a constant low 
level, the circuit is opened. The effect is a spectacular outburst reaching an 
impulse frequency of 26 impulses/sec. This surge in activity, which can be 
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likened to a post-inhibitory rebound, decays gradually towards the resting 
discharge level. The behaviour of the sense ending is thus reminiscent of its 
response to natural rotatory stimulation, where rotation in opposite directions 
either increases or decreases the frequency of a resting discharge. Ascending _ 
and descending currents correspond in their excitatory and inhibitory effects to 
ipsi- and contralateral angular acceleration respectively. This agreement 
extends to the reproduction of the post-rotatory after-effects. 

Fig. 3 shows the responses of a single unit to smoothly rising ascending 
current applied in three steps. The unit has a basic discharge rate of 7 impulses/ 
sec. With a time constant of the stimulating circuit of 7 sec approx., the 
discharge frequency follows the exponential rise in current strength linearly. 


40h 


4 


50 100... 200 250 
Time (sec) 
Fig. 3. Discharge frequencies from a single sensory unit of the horizontal semicircular canal in 
response to ascending currents of different strengths. Transition between different current 
strengths was smooth and exponential (time constant of stimulating circuit =7 sec approx.). _ 
Horizontal lines indicate levels of maintained flow of constant current. 


During the ensuing period of constant current, the discharge frequency adapts, 
but only very moderately as compared with the experiment plotted in Fig. 2. 

Decrease in current strength is followed by decreased impulse activity. 
No post-stimulatory overshoot and consequent recovery are noticeable, but 
the levels of maintained discharge activity lie significantly below the corre- 
sponding values obtained after increase in current strength. This is also clear 
from Fig. 4, where the impulse frequencies are plotted against current strength. 
The overall non-linearity of the response is probably due to the fact that 
this particular sense ending is being pushed towards the upper limit of its 
discharge frequency range, i.e. beyond the straight part of its characteristic 
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(Groen et al. 1952). The difference in slope on decreasing the strength of the 
ascending polarizing current may be interpreted as evidence for the existence 
of post-stimulatory depression. 

In Fig. 5 a sensory unit with a much higher resting discharge frequency 
(25 impulses/sec) is taken through its paces on either side of zero current. 
After being subjected to ascending currents of two different strengths and 


Discharge frequency (impulses/sec) 


0-05 0-10 0-15 0-20 
Polarizing current 

Fig. 4. Maximum and minimum discharge frequencies (same experiment as in Fig. 3) plotted 
against current strength. (Explanation in text.) 


a smooth return to zero current, the unit is subjected to three increasing 
strengths of descending current. The frequencies plotted represent the dis- 
charge rates 10 sec after the change in current strength (time constant of 
stimulating circuit=7 sec approx.). Both on the stimulatory and the in- 
hibitory side of the zero line the response is linear. Stepwise diminution in the 
strength of the descending current is followed by a rise in discharge activity, 
and the discharge levels are significantly higher than the corresponding rates 
registered during progressive inhibition. This provides evidence for the 
existence of a protracted post-inhibitory after-effect. The application of only 
a relatively limited range of ascending current strengths is connected with the 
fact that under the experimental conditions dictated by the shortness of the 
nerve twig available for the application of electrodes, the impulse amplitudes 
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are proportionally depressed by increasing strengths of ascending current. 
The reverse holds for descending currents (Fig. 9). 

As was shown previously (Groen et al. 1952), not by any means all sense 


endings in the canal crista have a resting discharge. During ipsilateral angular 
acceleration considerable recruitment of ‘spontaneously silent’ units takes 


place, and the appearance of these ‘new entrants’ considerably adds to the 
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Discharge frequency (impulses/sec) 


Descending | Ascending 
O38 02 .1 08 O5 
Polarizing current (4A) 
Fig. 5. Discharge frequencies from a single sensory unit of the horizontal semicircular canal in 
response to ascending and descending currents of various strengths. The frequencies are those 
recorded 10.sec after change in current. 


total effect of the increased impulse discharge from the spontaneously firing 
end-organs. The same holds in the case of the post-inhibitory after-effect 
following upon the more or less abrupt cessation of contralateral accelerations. 
Figs. 6 and 7 show the behaviour of such a unit in response to five different 
strengths of current, during the period of constant ascending current flow and 
after the abrupt cessation of descending current (current source: dry battery 
and switch). This unit does not differ significantly in its adaptation and in the 
decay of the post-inhibitory surge from a spontaneously firing one. A con- 
siderable number of such units were studied, and it was found that they vary 
considerably in sensitivity and range of discharge rates. The individual range 
can be a rather narrow one, and some of the units adapt rather more rapidly 
than the average ‘spontaneous’ unit. The possible parallels between these 
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findings and those described by Katsuki & Yoshino aoe in — work on ‘he 


3 


—_ 


Discharge frequency (impulses/sec) 


1 2 3 4 5 6 7 8 9 10 
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Fig. 6. Adaptation of single-unit discharge from a ‘spontaneously silent’ sensory unit of the 

_ horizontal semicircular canal during application of ascending currents of five different 
strengths (I~V). Beginning and end of each curve denotes beginning and cessation of dis- 
charge activity. The imposed currents started to flow at zero time and were still flowing at 
the end of the records. 


Superposition of the effects of rotatory stimulation and of polarizing currents 

Fig. 8 shows the typical results of an experiment in which the responses to the 
periodic movement of the torsion swing are superimposed upon eight different 
strengths of descending current. The middle curve shows the linear decline 
in resting discharge rates with increasing inhibition. The upper curve repre- 
sents the peak discharge frequencies reached during ipsilateral swing excur- 
sions, and the lower curve the minimum rates registered during contralateral 
swings. It is interesting to note the equality of slopes over a considerable 
range, and the appearance at the extreme inhibitory end of the range of non- 
linearity in the characteristic of the unit on summation of rotatory effect and 
inhibitory polarization (lower curve). The initial acceleration of the torsion 
swing is approximately the same in every case, the ipsilateral preceding the 
contralateral swing. Owing to the damping of the swing oscillation there is 
a constant difference in stimulus intensity between ipsilateral and contralateral 
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Fig. 7. Decay of discharge activity from a single ‘spontaneously silent’ sensory unit of the hori- 
zontal semicircular canal after a sudden break in the application for a period of 10 sec of 
descending currents of five different strengths (I-V). Beginning and end of curves denote 
beginning and cessation of discharge activity. The imposed currents were switched off at 


zero time. 
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Polarizing current (pA). 


Fig. 8. Discharge frequencies from a single sensory unit of the horizontal semicircular canal 
showing the effect of superposition of ipsi- and contralateral angular acceleration ina hori- 
zontal plane and eight different strengths of descending‘current. Middle curve: resting dis- 


charge frequencies; upper curve: maximum frequency recorded during ipsilateral swing: 


bottom curve: minimum frequency recorded during contralateral swing. 
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swings. This is quantitatively reflected in the disproportion between increase 7 
and decrease of impulse rates (1-3: 1) throughout the range of parallel slopes. 7 
The sensitivity of this organ is thus perfectly symmetrical with respect to 7 
ipsilateral and contralateral angular acceleration. The oscillograph records 


upon which these measurements are based are reproduced in Fig; 9. 


Responses from the otolith organs _ 

Responses to galvanic polarization similar to those described in the case of 
the horizontal semicircular canal were obtained from units of the sensory 
epithelium of the utriculus, the static part of the sacculus and from the 
lagena. No fundamentally new information was obtained in this series of 
experiments. 

Controls | 

Experiments in which the nerve twigs were carefully severed from their 
points of entry into the basal parts of the canal crista and then replaced to 
make contact with the tissue at this region, resulted not only in the dis- 
appearance of any resting activity previously present, but also in the dis- 
appearance of all effects of galvanic polarization, except with extreme 
strengths of ascending and descending current, which gave rise to high- 
frequency discharges of a kind resembling injury phenomena. 


DISCUSSION 


The labyrinthine end-organs are secondary sensory cells. As it is reasonable to i 


assume that the polarizing currents are conducted along the core of the nerve 
fibres, it is very likely that the polarizing effect is localized somewhere along 
the non-myelinated end-arborizations of the fibres. That the end portion of 
the nerve fibre is in fact indispensable for the production of the described 
effects of galvanic polarization is shown by the controls described in the 
preceding paragraph. Ascending currents may be presumed to depolarize 
a stretch of the nerve endings, whereas descending currents will bring about 
a hyperpolarization. The genesis of the resting discharge in the spontaneously 
active sensory units is still obscure (Lowenstein, 1950). Consequently, it is 
‘difficult to suggest the exact mechanism by means of which the polarizing 


currents modulate the resting discharge frequency. As suggested by Hodgkin 4 


(1948), the “response time’ may well be an important operative factor. Certain 
aspects of this question will be discussed in greater detail in a forthcoming 
publication by Dr R. W. Murray of this department, in connexion with the 
description of experiments on the galvanic stimulation of the lateral line 
organs in Xenopus laevis. 

The labyrinthine sense endings have usually been described to be non- 
adapting or at least very slowly adapting. In the case of the static otolith 
organs this statement may appear to be directly verifiable, as it is assumed 
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that for any position in space the otolith action on the underlying macula — 
remains constant for the duration of maintenance of any given spatial orienta- — 
tion. If this were really so, any changes in the impulse discharge rate recorded _ 
from sensory units in such a macula would be exclusively the result of the © 
adaptive behaviour of the macula endings. However, there exists the pos- — 
sibility of plastic deformation of the viscous portions of the otolith membrane _ 


which could involve an appreciable time lag between the coming to rest in 
a new spatial position and the arrest of viscous flow of the otolith membrane. 


Return from an overshoot or delay in reaching the maximum spatial deviation 


from the ‘normal’ are possibilities which have to be taken into consideration 
when assessing the adaptive behaviour of the associated sensory cells. The 
_ situation is different in the semicircular canals. Here the appropriate stimulus 
is the deflexion of the cupula by forces of inertia during and after angular 
acceleration. The cupula acts as a spring-loaded over-critically damped tor- 
sion pendulum (Groen et al. 1952). Increases and decreases in the resting 
discharge rate of the sensory cells in the crista are brought about by the 
deformation of their hair processes during deflexion of the cupula. With the 
cupula in its resting position a certain proportion of the sensory cells are 
actively discharging at a moderate rate, and such a basic discharge rate is 
usually maintained unaltered apart from minor fluctuations much less pro- 
nounced than those recorded from lateral line end-organs. 


Under conditions of appropriate stimulation by angular acceleration, the — 


discharge rate changes and the change is linearly proportional, over a wide 
range, to the angular acceleration. For the study of the adaptive behaviour 
of the end-organs by oscillographic impulse recording, a constant angular 
acceleration would have to be applied for a protracted period of time. Lowen- 
stein & Sand (19406) used a falling weight combined with a mechanical 
resistance as a drive for the turn-table. Thus reasonably constant angular 
accelerations could be applied for a period of 2-3 sec. This time interval is, 
however, too short for the attaimment of the corresponding maximum cupula 
deflexion and its continued maintenance. No evidence concerning the adaptive 
behaviour of the end-organs could therefore be gained under these conditions. 
In fact, even at the highest rates of angular accelerations the discharge rate 
was still rising, which means that the mechanical deformation of the cupula 
was still progressing when the turn-table was brought to a standstill (loc. cit. 
pp. 267-8). Hallpike & Hood (1953) have designed a revolving chair for work 
on human subjects, with which they are able to apply accurately controlled 


angular accelerations ranging from 1° sec-? to 10° sec-* for periods of 150 and 


15 sec respectively. Here, too, but in a lesser degree than in oscillographic 
experiments, the limiting factor for the time of application is the relatively 
high rotational speed resulting from prolonged angular acceleration. On the 
basis of their experiments with this apparatus, Hallpike & Hood come to the 
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conclusion that the end-organs of the semicircular canals show considerable 
adaptation under conditions of sustained cupula deflexion. With the reserva- 
tions set out below in connexion with the discussion of the generator potential 
hypothesis, the present results may be considered to support this assumption. 
Whether or not adaptation plays any part in the normal functioning of semi- 
circular canals is another question. It is indeed very unlikely that during the 
normal locomotion of a vertebrate the organ is ever subjected to sufficiently 
long lasting constant accelerations. On the other hand, true adaptation is 
bound to play a considerable part in the operation of the static otolith organs 
(Lowenstein & Roberts, 1950). 

Returning to the semicircular canals, it is interesting to note that the con- 
firmation in the present experiments of the existence of a significant number 
of ‘spontaneously silent’ units, i.e. end-organs without a resting discharge, 
furnishes evidence for the operation of a considerable amount of recruitment 
during increasing intensities either of ipsilateral angular acceleration or 
ascending polarizing current (Fig. 9, I, II). Here, too, the experimental facts — 
are in full agreement with Hallpike & Hood’s hypothesis concerning the mode ~ 
of function of the semicircular canals. It must be pointed out, however, that 
in a great number of experiments on single units of the semicircular canals, 
I have never come across an end-organ which was brought into activity during 
contralateral acceleration or by a descending polarizing current. The only 
effects of these stimuli have been the inhibition of the resting discharge 
activity of spontaneously firing units. There exists, therefore, no direct 
experimental evidence in favour of special ‘modulator’ elements responsible 
for the inhibition of the activity of spontaneous units. Hallpike & Hood’s 
postulate of inter-connexions between the various types of sense endings 
within the crista represents, in my opinion, an unnecessary complication of 
the functional picture. i 

The presence of two different types of sense endings in the end-organs of the 
lateral line in fishes has been described by Katsuki & Yoshino (1952). These 
authors correlate differences in the impulse responses from the lateral line 
organs with the presence in the sensory nerves of fibres of two different dia- 
meters. The thin fibres generally yield a pronounced spontaneous discharge 
which can be modified by linearly rising currents. They are found to have 
slowly adapting ‘plateau’ frequencies, and their maximum frequencies are 
lower than those of the thick fibres. The thivk fibres generally have no resting 
discharge, and are brought into activity by a range of threshold voltages 
characteristic for each unit. They have higher maximum frequencies, and are 
_ found to adapt abruptly. There exists, thus, a certain similarity between the 
behaviour of labyrinthine and lateral line sense endings. Histologically, the 
existence in the labyrinthine end-organs of fibres of two different gauges cannot 


be ruled out, but no verdict as to a correlation of spontaneity with fibre — 
8-2 
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can yet be given in the case of the labyrinth: Experiments aiming at an — 


analysis of this question are to be undertaken shortly. 

We come now to the consideration of the implications of the present experi- 
ments regarding the ‘generator potential hypothesis’. The question arises 
whether, in view of the fact that the polarizing currents are channelled through 
the nerve fibres, the results are at all relevant as evidence in favour of this 
hypothesis. Are we not dealing here with properties of the sensory nerve as 
such, as opposed to those of the secondary sensory cell? This query may in 
fact be justified. Any evidence deduced from the experiments must therefore 
be considered highly circumstantial. However, the experiments with super- 
position of natural rotatory stimulation and galvanic polarization may be of 


some significance. As the natural stimulation of the sensory apparatus of the- 


hair cell sums with the effects of galvanic stimulation, either reinforcing or 
counteracting them, it appears at least plausible to assume that the hair cell, 
in response to mechanical deformation, imposes smoothly variable galvanic 
potentials on the membrane of the non-myelinated nerve endings in its 
vicinity, with effects similar to those created by the channelling of ascending 
and descending current through the nerve itself. Edwards (1954) draws 
similar conclusions from the results of his experiments with electric polariza- 
tion of sensory nerve endings of the muscle spindle. 

An extensive literature exists on the topic of labyrinthine reflex responses 
to galvanic stimulation of the otic region of the skull or of the exposed labyrinth 
in representatives of all vertebrate classes, and for a time the possibilities of 
a clinical utilization of galvanic responses were seriously explored by oto- 
logists. However, the galvanic tests have not been found to be of reliable 
diagnostic value, and have been abandoned in favour of the caloric test. The 
uncertainty of localization within the labyrinth and also the possibility of 
_a spread of the galvanic current to the o.N.s., as well as the fact that the 
observed nystagmic eye responses to galvanic stimulation are composed of 
horizontal and rotatory components, have rendered this type of test parti- 
cularly unsuitable. From the theoretical point of view the existence of a 
galvanic nystagmus is of great interest. It has been shown that cathodal make 
is stimulatory and corresponds in its effect to the hot water caloric test. 
Anodal make is inhibitory, and its effect corresponds with that of the cold 
water test. Break of current produces the opposite effects. It is thus obvious 
that galvanotactic behaviour is in part based upon the sensory mocheniems 
described in this paper. 


SUMMARY 


1. The effects of galvanic polarizing currents on the impulse discharges 
from the crista of the horizontal ampulla and from other labyrinthine end- 
organs are described. 


49 4 
to 
4 Cal 
to 
4 
T 
4 and 
Sci 
Dire 
amc 
in t 
g 
Av 
Bg 
Da‘ 
Ep\ 
Fre 
G 
4 
GRC 
a 
H 
a JIE 
Ka 
K 4 
3 Ka 
4 Lov 
Lov 
Lo 
Ma 
SKO 


POLARIZATION OF LABYRINTH ENDINGS 117 


2. It is shown that galvanic polarization produces impulse responses similar 
to those occurring on natural rotatory stimulation. 


3. The responses from single sensory units of the horizontal semicircular 
canal to galvanic stimulation by ascending and descending currents are shown 
to a with the responses to ipsilateral and contralateral accelerations. 

4. Questions relating to labyrinthine adaptation, recruitment, the generator 


hy pothienii, and galvanotactic responses are discussed in the light of the 
experimental results. 


The work was carried out at the Laboratory of the Marine Biological Association at Plymouth, 
and was in part supported by a Royal Society grant from the Parliamentary Grant-in-aid of 
Scientific Investigations. The author is also indebted to the Physiological Society for the privilege 
of holding their Table at the Laboratory during the summer of 1951. Special thanks are due to the 
Director and Staff of the Laboratory for their most generous support in providing the considerable 
amounts of living material and technical research facilities, without which the work would have 
been impossible. Thanks are also due to Mr J. T. Allanson for the design of the d.c. stimulator used 
in the majority of the experiments. 
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OBSERVATIONS ON THE FATE OF INDOLALKYLAMINES 
| IN THE ORGANISM 


By V. ERSPAMER 
From the Institute of Pharmacology, University of Bari, Bari, Italy 


(Received 27 July 1954) 


In our earlier researches on crude enteramine extracts of mammalian gastro- 
intestiiial mucosa and octopod posterior salivary glands (Erspamer, 1942, 1943, 
1948) we showed that the specific enteramine activity of these materials could 
be destroyed by an enzyme, enteraminase, apparently indistinguishable from 
amifie oxidase. Later on, Rapport, Green & Page (1948) and Bradley, 
Buttenworth, Reid & Trautner (1950) found that the lung enzyme, too, which 
inactivates serum vasoconstrictor ee had the characteristics of amine 
oxidase. 

The recent availability of pure (enteramine, sero- 


tonin) has permitted a closer approach to the problem of the enzymic inactiva- 


tion of this substance and of related compounds. It was shown that not only 
tryptamine, as has been known for years, is a substrate of amine oxidase, 
but also N-methyltryptamine, 5-hydroxytryptamine (5-HT), N-methyl-5- 
hydroxytryptamine and, to a much lesser degree, N, N-dimethyl-5-hydroxy- 
tryptamine or bufotenine (Blaschko, 1952; Blaschko & Philpot, 1953; Govier, 
Howes & Gibbons, 1953). Enzyme preparations of different origins were tried, 
and all were active. 

As early as 1913 and 1916 Ewins & Laidlaw (1913) and Guggenheim & 
Léffler (1916) were able to identify indoleacetic acid, both free and con- 


jugated with glycine to form indoleaceturic acid, and small quantities of — 


indolethylalcohol amongst the products originating in vivo from the oxidative 
deamination of tryptamine. 

It thus seemed the obvious thing to consider 5-hydroxyindoleacetic acid as a 
possible important breakdown product of 5-HT and closely related substances, 
but no experimental evidence on this point has been published. 

The present study is designed to investigate, by paper chromatographic 
methods, the occurrence in urine and blood of 5-hydroxyindoleacetic acid and 

other possible metabolites of 5-HT and similar indolalkylamines, 
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METHODS 


Urine purification. Immediately after their collection, if necessary under ieee the urine 
samples were concentrated under reduced pressure, at 40-50° C, to one-twentieth of the original 
volume. One volume of 95% ethanol and 4 vol. of acetone were now added, with stirring. After 
standing in a refrigerator for 8-24 hr the precipitate was filtered off and the filtrate evaporated, 
under reduced pressure. The residue was taken up, in a warm water-bath, with stirring, in 1 ml. 
water +3 ml, ethanol + 25 ml. acetone for every 100 ml. urine. The oily or oily-crystalline pre- 
cipitate was discarded, after having been washed with a little acetone. 

The material was now subjected to three further precipitations. Each time the precipitate was 
filtered off, the filtrate evaporated to dryness and the residue taken up with the following succes- 
sive mixtures: (a) 0-5 ml. ethanol + 10 ml. acetone; (b) 0-25 ml. ethanol + 20 ml. acetone; (c) 0-25 ml. 
ethanol + 2-8 ml. acetone + 5-10 ml. ethyl ether. The quantities of solvents refer to 100 ml. urine. 

The final filtrate was evaporated and the residue taken up with enough ethanol + acetone to 
give a liquid corresponding, per ml., to 10-200 ml. urine. This material, ready for chromato- 
graphic analysis, may be stored in a refrigerator for weeks or even months. | 

The single steps in the purification process were accurately followed by chromatography. It 
was shown that while indoleacetic, 5-methoxyindoleacetic and 5-hydroxyindoleacetic acids were 


_ recovered to about 95% in the final filtrate, other indole compounds, such as indoleaceturic acid, 


appeared in the precipitate, being scarcely soluble in acetone and ether. To enable these compounds 
to be studied an aliquot of urine samples was taken after the first or the second precipitation. 

Preparation of the blood extracts. Our observations were made only on rat’s blood, obtained by 
decapitation and directly collected into acetone (4 parts by weight). After 24 hr the extract was 
filtered, and evaporated to dryness in vacuo, and the residue was redissolved in a little water + 
ethanol (1 ml. 10-20 ml. of blood). The material was stored in a refrigerator until chromato- 
graphic analysis. 

Paper chromatography. The ascending unidimensional technique on Whatman no. 1 paper was 
generally employed, and sometimes the bidimensional one. 

Solvents: n-butanol saturated with x-HCl; n-butanol + acetic acid + water (4: 1:5); n-butanol + 
methylamine 25-30% (8:3); amyl alcohol + pyridine + water 2: 

Developing reagents: (a) 2% alcoholic solution of p-di ldehyde. After being 
sprayed with the reagent, the chromatograms were expounds in ak glass chambers, to HCl 
vapours, until the spots were clearly developed (5-20 min) and then, for some days, to the air. 

(6) Heinrich and Schuler’s NNCD reagent (4-nitro-2-chloro-1-diazobenzene-a-naphthalene 
sulphuric acid) freshly dissolved, 1-3 per thousand, in 0-1 n-HCl. After spraying the chromato- 
grams were allowed to dry in the air. 

(c) Solution of diazotized p-nitroaniline, freshly prepared by adding to a cooled acid solution of 
p-nitroaniline the equivalent of sodium nitrite. After spraying, the chromatograms were exposed 
to ammonia vapours and then left to dry in the air. The disturbing reddish background colour 
pales or disappears after some hours. 

Quantitative estimation of the indoleacetic acids in extracts of urine and blood. After the indole- 
acetic acids under investigation were localized separately on the chromatograms, the problem of 
their quantitative evaluation arose. Two procedures were tried. 

The first one is based on the simple visual comparison, with respect to area and density of 
colour, of the spots given by a series of dilutions of the ‘unknown’ and the spots obtained with a 
series of drops containing known concentrations of the corresponding pure substance. 

In our case, comparison gave particularly reliable results when 3-10yg of pure indolic com- 
pounds were put on the paper. After repeated analyses the error does not exceed 10-15%. 

The second method, which is now being worked out in detail, is based on the elution of one or 
more paper strips containing the spot under investigation and on the ranerountha reading in a 
colorimeter of the intensity of the colour reaction produced by p-dimethyl Idehyde in 
strongly acid medium. This more precise method has allowed us to control some of the most 
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mportant data obtained by the visual comparison and to demonstrate their reasonable accuracy. 
It is, however, obvious that elution will be practicable only when spots are sufficiently intense and 
absolutely pure. 


RESULTS 
Chromatographic characteristics of some indolalkylamines and of their 
corresponding indoleacetic acids 
Table 1 shows the Ry values obtained with our four different solvent systems. 
Pure indoleaceturic acid was not available: its characteristics, as shown in 


Tables 1 and 2, are inferred from the study of chromatograms obtained with 


urine extracts of rats given tryptamine. 


TaBLE 1. Ry, values of several indolalkylamines and indoleacetic acids in four solvent systems 
n-Butanol n-Butanol+ 2-Butanol+ Amy! alcohol 


saturated with acetic acid methyl- + pyridine 
Compound (10 yg) n-HCl +water \ amine + water 
Tryptamine 0-42-0-46 0-87-0-92 
*Indoleacetic acid 0-84 0-90 0-52 7 0-50 
Indoleaceturic acid 0-58 0-83 0-46 0-45 
N -Methyltryptamine 0-46-0-50 
N, N-Di ltryptami 0-46-0-50 
| *5.Methoxytryptamine 0-32-0-36 0:78-0-82 
*5-Methoxyindoleacetic acid 0-76-0-80 0-87-0-91 0-41-0-46 
*5-Hydroxytryptamine 0-18-0-22 0-43—0-465 . 0-58-0-66 0-59-0-63 


5. Hydroxyindoleacetic acid 0-58-0-63 0-78-0-84 0-14-0-18 0-34-0-38 
* Synthesized by B. Asero and V. Cold, Farmitalia S.p.A. Research Laboratories, Milan. 


‘es 2. Colour reactions produced by the three reagents used for developing the chromatograms 


p-Dimethylamino- NNCD reagent Diazotized 
. benzaldehyde + in 0-1 N- p-nitroaniline + 
Compound (10 pg) HCl vapours HCl NH, vapour «. 
Tryptamine + +violet + orange (+) yellow 
Indoleacetic acid + + blue-violet + orange +lemon-yellow 
Indoleaceturic acid +++ +blue + orange +orange-yellow 
N-Methyltryptamine + +violet + orange (+) yellow 
N, N-Dimethyltryptamine + +violet + orange (+) yellow 
5-Methoxytryptamine + + blue-violet + orange-red + orange-yellow 
5-Methoxyindoleacetic acid + + +blue + + peach-red + orange-yellow 
5-Hydroxytryptamine + +blue-violet + +peach-red + +cherry-red 


5-Hydroxyindoleacetic acid +++blue + +violet-red + +cherry-red 
(+) indicates a very weak reaction. 


Table 2 illustrates the intensity and shade of colour reactions produced by 
the three reagents we have employed. 

It should be noted that the development of colour reactions is generally rapid 
for the indolalkylamines, whereas it is rather slow and gradual for the indole- 
acetic acids, for which it requires 12-24 hr to complete. An exception is the 
coupling reaction with diazotized p-nitroaniline, whose development is always 
immediate. 

Table 2 shows that the p-dimethylaminobenzaldehyde reaction is the most 
sensitive, and the coupling reaction with p-nitroaniline the least sensitive 
colour reaction for the majority of the substances examined. The diazonium 
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salt of p-nitroaniline can only be used with advantage for hydroxyindole deri- 
vatives. The NNCD reagent is very sensitive for 5-hydroxyindole derivatives, 
and less for compounds lacking the phenolic hydroxy group, owing to the 
lighter colour tones. | 
-¥or the chromatographic identification of a given urinary or haematic spot 
the fulfilment of the following conditions was required: (a) perfect super- 
imposition, on mixed chromatograms, of the spot under investigation and of 
the spot of the corresponding pure substance, whatever the solvent system 
employed; (6) identity of the three colour reactions, in respect both of their 
rapidity of development and of their tone, for the unknown spot and for that 
4 given by the pure compound. The use of one single solvent, especially if this is 
an acid one, may cause big errors. 
In the quantitative estimation of the indoleacetic acids the p-dimethyl- 
aminobenzaldehyde reaction was generally used. Heinrich and Schuler’s 
reagent was very useful for 5-hydroxyindoleacetic acid. 


TaBLE 3. Concentration of 5-hydroxyindoleacetic acid (5-HIAA) in the urine of various animals 


5-HIAA 5-HIAA 
Animal species (ug/ml. urine) _ Animal species (ug/ml, urine) 
Man I (1) 2 Ox (2) ? (<0-3) 
Man II (1) 2 Calf (6) a, 
Man III (1) 2-5 Horse (2) (<0-3) 
Man IV (1) 3-5 Kid (6) 1-25 
ManV (8) 3-8 Lamb (6) 2-25 
Man suffering from Hog (5) 1-5 
diabetes insipidus Rabbit (2) ? (<0-3) 
). Dog I (1) 4 Guines-pig (4) ? (<0-3) 
Dog (3) 2-5 Toad (30) 0-27 
Rat I (100) 1-5 
Rat IT (55) 1-25 


_ In parentheses is the number of specimens from which the examined urine 
or mixture of urines was obtained. 
* Toad urine was collected after the animals.had been kept for 12-16 hr in water. 


Breakdown products of the indolalkylamines in urine 


(1) Metabolites of endogenous and exogenous 5-HT. 
The most important and hitherto the only identified metabolic derivative of 
5-HT is 5-hydroxyindoleacetic acid (5-HIAA). Table 3 shows the average con- 
7 tent of this acid in normal urine of some animal species. | 
; On the chromatograms of normal urine several indolic spots of unknown 
constitution are always present, with or even without the 5-HIAA spot. The 
number of these spots varies according to the animal species and the solvent 
used ; their colour, after spraying with developing reagents, may be very similar 
to that given by the 5-HIAA spot. It should be added that the Ry value of 
5-HIAA may coincide with that of other unknown indole compounds, causing 
} the formation of large composite spots. This has been observed on chromato- 
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grams of hog’s urine following acid solvents, and on chromatograms of rat’s: 


urine after n-butanol saturated with n-HCl. 

It is therefore necessary to use several solvent systems even in the qualitative 
identification of 5-HIAA. Only experiment will show, in each case, the most 
suitable solvent for the quantitative estimation of urinary 5-HIAA. For 
human urine, for example, good results were obtained with the butanol-acetic- 
acid—water mixture; for dog’s, rat’s and hog’s urine with alkaline solvents. 

Table 4 shows the 5-HIAA content of human, dog, rat, rabbit and guinea- 
pig urine after the administration of 5-HT by various routes and in different 
doses. In the last column the percentage recovery of 5-HT, as 5-HIAA, ‘is 
given (1 mg 5-HIAA is equivalent to 0-92 mg 5-HT). 


TABLE 4, Rewowery of O-HIAA { 


by various routes 
Amount of Excess 
ini output of Percentage 
5-HT (mg) Urine 5-HIAA (yg) recovery 
Administra- volume A of 5-HT as 
Perkg Total tion route (ml.) Per ml. Total 5-HIAA 
Man V (8)* 0-13 65-6 im, 6359 (4)** 2-2 14290 20 
Insipidus 0-2 164. .—s- im. 3050 (7) 3-0 9150 52 
diabetic (1) 
{1) 12 8.C. 325 (18) 80 2600 25 
Rabbit (2) 2-5 9-8 8.C. 650 (17) 0-3(?)  180(?) 1-1-5 (2) 
Guinea-pig (4) 8-0 19-6 B.C, 506 (18) 160(?%) 0-5-1 (?) 
Rat (12) 6-0 13-3 08 158 (11) 5:1 804 5-5 
Rat (12) 6-0 12-0 8.C. 116 (11) 31-6 3660 28 
Rat (12) 6-0 12:8 i.p. 144 (11) 28-9 4160 33 


In parentheses’is the number of specimens from which the examined urine or mixture of urines 
was obtained (*), and the urine collection period, in hours hie im, intramuscularly; 8.c. = 
subcutaneously ; os = per os; i.p. =intraperitoneally. 


In order to obtain a more abundant and eae flow of urine, a moderate 
amount of water was administered to some of the experimental animals by 
mouth immediately before the introduction of 5-HT: 1 1. in humans (of course, 
with the exception of the diabetic patient), 30 ml./kg in the dog, and 5 ml./ 
100 g in rats. 

The tabulated values for 5-HIAA were obtained by subtracting the amount 
of this acid normally present from the total. It is clear that this calculation is 
indispensable only when relatively small doses of 5-HT are injected and the 

normal urine contains large quantities of 5-HIAA (e.g. humans, dogs). 
_ The following conclusions may be drawn from Tables 3 and 4: 

(a) 5-HIAA must be considered a normal constituent of mammalian urine 
and probably also of the urine of other vertebrate groups. This does not 
imply, however, that it is present in detectable amounts in all animal species. 
In this connexion it is noteworthy that whereas the urine of lambs, kids and 
calves contains large amounts of 5-HIAA, this substance does not occur in 


detectable quantities in the urine of adult herbivores. It may be inferred that — 


> 
oe 
ot 
oF 
rac 
u 
th 
. 
vO 
| 
a 
aft 
2 
a 
4 COD 
a 
x 
be 
od 
ay 
E ex 
A 
‘ 
th 
()- 
ST 
( 
a 


FATE OF INDOLALKYLAMINES wo 


with the transition from milky to vegetarian diet the fate of indole compounds 
in the organism may undergo profound changes, possibly involving a more 
radical breakdown of the indole ring. This point deserves further investigation. 

(6) After administration of 5-HT there is a conspicuous increase in the 
urinary output of 5-HIAA only in those animal species, whose urine contains 
this acid as a normal constituent. Otherwise, as in the case of the rabbit and 
the guinea-pig, the parenteral introduction even of high doses of 5-HT pro- 
vokes the appearance of only insignificant amounts of 5-HIAA. 

(c) After the administration of 5-HT by the mouth, the urinary recovery of 
the substance as 5-HIAA is much less than after parenteral administration. 

The subcutaneous or intramuscular injection of 5-HT caused in all the 
animals tested, including man, an evident reduction in the urine flow. In 
agreement with previous observations (Erspamer & Ottolenghi, 1953), the 
antidiuretic action was slight after intraperitoneal administration, and lacking 
after oral administration. 


(2) Metabolites of 5-methoxytryptamine (5-MT) ) 

Fifty-eight rats weighing 9-8 kg were given by mouth 1 g of 5-MT hydro- 
chloride (= 100 mg/kg); to a further twelve rats (2-1 kg) 10 mg/kg of the same 
product was injected subcutaneously, immediately after a water load. In 
both cases a complete blockade of diuresis, lasting 4-5 hr, was observed, as 
well as the appearance of an intense cutaneous vasodilatation, accompanied by 
itching and the evacuation of abundant formed faeces. 

The urine chromatograms showed three unusual indolic spots, of which one 
was very intense and the other two rather faint. The first spot appeared to be 
due to 5-methoxyindoleacetic acid (5-MIAA). 

A total of 377 mg of 5-MIAA was found in the 410 ml. of urine somata, 
over an 11 hr period, by the rats given orally 1000 mg of 5-MT hydrochloride 
(=840 mg 5-MT base); 12-6 mg of 5-MIAA was found in the 113 ml. of urine 
excreted, over the same period, by the rats injected subcutaneously with 21 mg 
of 5-MT hydrochloride (= 17-6 mg 5-MT base). The percentages recovered were 
thas 40-42 and 71, respectively (1 mg of 5-MIAA is equivalent to 0-93 mg 
of 5-MT base). 

The two minor indolic spots (R» values after n-butanol saturated with n-HC1: 
0-49 and 0-55) have not been further investigated. We know only that the corre- 
sponding substances are largely precipitated in the last stages of purification 
of the urine extracts. 7 


(3) Metabolites of 5-hydroxyindolalkylamines other than 5-HT 

Bufotenine. Since pure bufotenine was not available, numerous unidimen- 
sional chromatograms of concentrated extracts from the parotid glands of 
Bufo vulgaris were run, and the bufotenine spots eluted. It was thus possible — 
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to inject subcutaneously into ten rats (2050 g) not less than 1-2-1-5 mg/kg of 
practically pure bufotenine. 

On the urine chromatograms four unusual indolic spots made their ap- 
pearance. One could be identified as 5-HIAA, another as unchanged bufo- 
tenine. Of the two remaining unknown spots, the more important showed, 
after n-butanol saturated with n-HCl, an Ry value of 0-04—-0-05 and developed 
an orange colour when sprayed with the NNCD reagent. 

Bufotenidine. The product available appeared on chromatographic analysis 
as a mixture consisting of 90% bufotenidine and 10% 5-HT + N-methyl-5- 
HT + bufotenine. A quantity of this product corresponding to about 4 mg/kg 


of indolalkylamine bases was injected subcutaneously into twelve rats weighing _ 


2305 g. 

Of the three unusual indolic spots appearing on urine chromatograms one, 
rather faint, could be identified as 5-HIAA. The complexity of the administered 
product does not allow us to identify the parent substance of the small 


amount of 5-HIAA present in urine. Its derivation from bufotenidine seems, — 


however, highly improbable. Of the two other unknown spots, the more in- 
tense one shows, like the analogous spot observed after administration of 
bufotenine, an R, value of 0-04-0-05 following n-butanol saturated with 
n-HCl, and is orange in colour when developed with the NNCD reagent. 
Owing to its intensity it may be considered as being composed of some meta- 
bolic derivative of bufotenidine. 


(4) Metabolites of tryptamine and N-methyltryptamines 

Three groups of twelve rats each were injected subcutaneously, immediately 
after an oral water load, with 20 mg/kg tryptamine hydrochloride (= 16-2 mg/ 
kg tryptamine base), 40 mg/kg N-methyltryptamine picrate (= 17-4 mg/kg 
free base) and 40 mg/kg N, N-dimethyltryptamine picrate (= 18-2 mg/kg free 
base) respectively. In all instances a moderate reduction of urine flow was 
observed. | 

The chromatographic analysis of the urines collected over an 11 hr period 
showed the presence of three to five new indolic compounds, two of which 
could be identified as indoleacetic acid (IAA) and indoleaceturic acid (IAUA). 

The main results are illustrated in Table 5. 

Indoleaceturic acid was identified in the urine of rats given tryptamine. The 
concentrated extract corresponding to 30 ml. of this urine (=7-4 mg of 
tryptamine hydrochloride, subcutaneously) was chromatographed using as a 
solvent the butanol-acetic acid—water mixture. Eighty chromatograms were 
thus obtained. The transverse paper strips containing the spots which were 
thought to be due to indoleaceturic acid were cut out and eluted, at 60° C, with 
a mixture of 50% ethanol-water, the eluate taken to dryness and the residue 
redissolved in 10 ml. of water. Five ml. of conc. HCl was added and the material 
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was then gently boiled for 4 hr under a reflux condenser. The liquid, which had 
become at first pink and then brownish, was now evaporated to dryness and 
the residue redissolved in 1 ml. water+1 ml. ethanol. 

The material was chromatographed using as solvents phenol saturated with 
water and the butanol-acetic acid—water mixture. On the paper strips sprayed 
with ninhydrin a large, intense purple spot, which was chromatographically 
indistinguishable from control spots given by pure glycine, made its ap- 
pearance. Glycine was absent on chromatograms run before acid hydrolysis, 
as well as on chromatograms of the acid hydrolysate of the material obtained 
by extracting with water Whatman no. 1 paper. The search for indoleacetic 
acid, the other breakdown product of indoleaceturic acid, was unsuccessful, as 
expected; the indole ring was ruptured Satsiacy the acid treatment. 

TaB.E 5. Recovery of subcutaneous tryptamine, N-methyltryp and N, N-dimethyltrypt- 


amine as urinary indoleacetic (IAA) and indoleaceturio (LAUA) acids. Each substance 
injected into twelve rats 


Percentage 
Total recovery of the 
amoun e mg, tryptamines as 
administered : 


volume 
substance (mg) (ml.) IAA IAUA IAA IJIAUA 

33-2 135 927 285 256 509-0 

36-5 162 4-1 12-4 122 23-5 

N-Di yptami 38-7 | 176 83 2-7 14-7 


It has been found, after elution of the glycine spot and estimation after 
treatment with ninhydrin, that the total urine excreted by the rats given 
tryptamine would contain, if subjected to acid hydrolysis, approximately 
9:3 mg of glycine. This corresponds to 28-5 mg of indoleaceturic acid or to 
21-4 mg of indoleacetic acid. It may thus be calculated that out of the 33-2 mg 


' of tryptamine base administered to the rats, 28-1 mg ( = 84-6 %) was present in 
_ the urine as free or conjugated indoleacetic acid. 


The urine chromatograms of rats given N-methyltryptamine do not differ 
from those of rats given tryptamine. The chromatograms of rats given NV, N- 


_dimethyltryptamine show, on the contrary, two other interesting indole spots. 


When n-butanol saturated with n-HCl is used as a solvent, their Ry values are 


respectively 0-7 and 0-05. ‘The nature of these spots is unknown. It may, how- 


ever, be observed that the spot with Rp 0-05, or a similar one, can be also detec- 
ted on urine chromatograms of rats given bufotenine or bufotenidine. 

It is worth remembering that in the process of urine purification, indoleacetic 
acid always remains in the solvent, unlike indoleaceturic acid which is largely 
precipitated by acetone and acetone-ether. 


(5) Fate of indoleacetic acid (heteroauxim) 

Forty rats weighing 7-95 kg were given by mouth 1:2 g of indoleacetic acid 
(150 mg/kg). The substance had no pharmacological effects and the volume of 
the urine was unchanged. | 
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Urine collected over a 7 hr period contained 245 mg (= 20-5 °%) of unaltered 
indoleacetic acid and an approximately equal amount of a substance chroma- 
tographically indistinguishable from indoleaceturic acid, giving origin to 
glycine following acid hydrolysis. 

On the whole, it may be calculated that about one-third of the indoleacetic 
acid given by mouth was recovered from the urine either free or conjugated ; 
for the remaining two-thirds probably underwent rupture of the indole ring. 


Metabolic derivatives of indolalkylamines in blood 
5-HT (8 mg/kg, in terms of free base), 5-MT (16 mg/kg) and tryptamine 
(16 mg/kg) were injected subcutaneously, each into three groups of three rats 
each. The single groups of animals were killed by bleeding 30 min, 2 hr and 
6 hr after the injection. Control blood was drawn from six rats. 


_ The results are shown in Table 6. 
TaBLE 6. Appearance of derivatives of indolalkylamines in blood after 
| subcutaneous injection into rats 
docepitation IAA 5-HIAA 
(ml. /kg) (ug/ml.) TAUA (ug/ml) (ug/ml) 
Control blood 33-8 N.D N.D. N.D 
5-HT blood 
30 min 23-1 N.D. N.D. - N.D. 
after 2 hr 28-3 . N.D. N.D. — 0-4-0-6 
after 6 hr 38-3 N.D. N.D. ~ N.D. 
5-MT blood | 
after 30 min 22-5 N.D. N.D. 2-3 N.D. 
after 2 hr 28-2 N.D. N.D. 10 N.D. 
after 6 hr 39-4 N.D. N.D. 2 N.D. 
30 min 33:3 5 ++ - N.D. 
after 2 hr 34:4 2 + ~ N.D. 
after 6 hr 36-6 0-3-0:5 ? - N.D. 


N.D, =not detectable. 


It appears that normal blood does not contain detectable amounts of 5- 


hydroxyindoleacetic, indoleacetic or indoleaceturic acid. These products, how- 


ever, as well as 5-methoxyindoleacetic acid, may be found in blood after paren- 
teral administration of high doses of their parent indolalkylamines. The 
maximum level is attained more rapidly for indoleacetic acid and indoleaceturic 
acid, more slowly for 5-methoxyindoleacetic and 5-hydroxyindoleacetic acid. 
An interesting fact is shown in the second column of Table 6: the quantity of 
blood obtained by decapitation of rats given 5-HT or 5-MT is, after 30 min, 
and, to a lesser degree, even after 2 hr, definitely smaller than that obtained in 
control rats or in rats given tryptamine. This phenomenon is probably due to 
the intense systemic vasodilatation produced by high doses of 5-HT and 5-MT 
and to the consequent stagnation of blood in the hypotonic vascular bed. 
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Absence of 5-HIAA from amniotic liquid and faeces 

No detectable amounts of 5-HIAA could be demonstrated by chromato- _ 
graphing the concentrated extract corresponding to 10-20 ml. of human 
amniotic liquid. 

In order to rule out the possibility of an intestinal origin of the 5-HIAA 
found in urine, 152g of human faeces and the entire intestinal content 
(320 g) of a dog were separately extracted with 3 vol. of acetone and the 
filtrates treated as the urine samples. On the chromatograms of the purified 
extracts no trace of 5-HIAA could be detected, even when quantities corre- 
sponding to 3-5 g of fresh material were put on paper. 


Formation of 5-HIAA in vitro 
- The following tissue homogenates were tried : guinea-pig’s small intestine and 
liver, hepatopancreas of Octopus vulgaris (all three notoriously rich in amine 
oxidase), dog’s duodenal mucosa and liver. | 
To 5 samples of 10 ml. of 0-07 m phosphate buffer at pH 7:4, each containing 10 mg of 5-HT 
creatinine sulphate 10 ml. of the homogenate, diluted to one-third with phosphate buffer, was 
added. The liquids were kept for 1 hr in a water-bath at 38° C and oxygen was bubbled through. 


60 ml. acetone was then added to each vessel. After standing in a refrigerator overnight the 
liquids were filtered and concentrated to 2 ml. by distillation under reduced pressure. 


On chromatographic analysis the 5-HT samples treated with the dog’s 
homogenates were found to contain large amounts of unaltered 5-HT and only 
traces of 5-HIAA. This acid was, on the other hand, present in fairly large 
quantities on the chromatograms of the 5-HT samples incubated with guinea- 
pig’s and octopod homogenates. The sample incubated with the homogenate of 
guinea-pig’s liver showed a total content of at least 1 mg of 5-HIAA and only 
traces of unaltered 5-HT. 

We had previously observed (Erspamer & Boretti, 1951), on bidimensional 
chromatograms of acetone extracts prepared from non-fresh posterior salivary 


glands of Eledone, the occurrence of an intense indolic spot (spot XIV), which 


was considered to be due to a substance chemically near to 5-HT. We have 
now shown that we had to deal with 5-HIAA, produced post-mortem by the 
action of amine oxidase on 5-HT, large amounts of both enzyme and substrate 
being present in the salivary tissue. 


DISCUSSION _ 
(1) The first fact established in the present investigation is that 5-hydroxy- 
indoleacetic acid must be considered a normal constituent of urine, at least 
in several animal species. In this respect our observations agree perfectly with 
the simultaneous, independent observations of Titus & Udenfriend (1954). | 
It is highly probable that the 5-HIAA of normal urine originates from endo- 
genous 5-HT. In fact: (a) no other substance is known, at least in mammals, to 
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be capable of producing 5-HIAA; (6) the quantity of 5-HT present in the 


organism is always more than sufficient to account for the amount of 5-HIAA 
detected in the urine; (c) the urinary output of 5-HIAA may be increased even 
up to 50 times and more, following the parenteral administration of 5-HT; 


(d) the administration of exogenous 5-HT to animal species, e.g. guinea-pigs or — 


rabbits, whose normal urine is lacking or extremely poor in 5-HIAA does not 
appreciably increase the urinary output of this acid ; (¢) a production of 5-HIAA 
by the normal intestinal flora may be rule 


The occurrence of indoleacetic acid ne that of indoleaceturic acid) in 


normal human and mammalian urine has repeatedly been reported (Kégl, 


Haagen-Smit & Erxleben, 1933; Dietrich & Miiller, 1951; Wieland, De Ropp | 


& Avener, 1954). The values obtained differ according to the research workers. 


Although we have not paid much attention to the problem, we can say that on — 
our chromatograms of normal urine this substance was never present in — 


detectable amounts. 


It seems probable that the high values found by some older investigators — 
should be revised, owing to the possible confusion of indoleacetic acid with — 


5-hydroxyindoleacetic acid, whose existence was then unknown. We should 
expect the error to be particularly serious when colorimetric methods have been 
used in the titration of heteroauxin, but it is certainly remarkable even in the 
case of bioassay, since 5-HIAA shows 6% of the activity of heteroauxin in the 
pea slit-internode test (Ek & Witkop, 1953). 

(2) It ig quite certain that the enzyme which catalyses the transformation 
of 5-HT into 5-HIAA, probably via 5-hydroxyindoleacetaldehyde, is amine 


oxidase, whose widespread distribution in vertebrate and invertebrate tissues — 
has been well established for several years (cf. Blaschko, 1952). Both the writer 


and Titus & Udenfriend (1954) were able to demonstrate that 5-HIAA is formed 
in vitro following incubation of 5-HT with homogenates of mammalian intestine, 
liver and kidney and of octopod hepatopancreas. 

In confirmation of previous observations in vitro (Blaschko & Philpot, 1953; 
Govier et al, 1953) it has been demonstrated that amine oxidase also attacks in 


vio not only indolalkylamines with a primary or secondary amino group in the — 


side chain, but also those with a tertiary amino group. In the last case, how- 
ever, the oxidative deamination progresses more slowly and is only partial, as 
_ shown by the smaller quantity of free and conjugated indoleacetic acid detect- 
able in urine after administration of N, N-dimethyltryptamine and by the 
regular occurrence in urine of unchanged bufotenine. 

So far, 5-HIAA and 5-HMAA have been found in urine only j in a free form, 
unlike indoleacetic acid which was preferably conjugated with glycine to 
form indoleaceturic acid. In the present investigation this acid, described by 
Ewins & Laidlaw in 1913, has been identified for the first time by paper 
chromatography. 
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In view of the high recovery of indoleacetic, 5-HIAA and 5-MIAA from 
: urine following administration of the corresponding primary or secondary 
| indolalkylamines, there is no doubt that amine oxidase is the most important 
oe enzyme involved in the mactivation of these compounds, as postulated by 
. Blaschko and his collaborators (Blaschko, 1952; Blaschko & Philpot, 1953; 
t 7} Blaschko & Hellmann, 1953; Blaschko & Himms, 1954). 

A In the case of tertiary amines and, still more, of quaternary ammonium 
: | bases, other enzymes must come into play. This is shown by the presence, on 


urine chromatograms, of peculiar indolic spots which are lacking after 
, administration of primary or secondary amines (e.g. the one with an Ry value 
P of 0-04-0-05 after n-butanol saturated with x-HCl), and by the fact that bufo- 
tenidine is rapidly and completely destroyed, in spite of its resistance to amine 


oxidase, both am vitro and in vivo. 
ee (3) All indoleacetic acids detected in urine are also found in blood, following 
parenteral administration of adequate amounts of the parent indolalkylamines. 
o The maximum blood level is attained early for indoleacetic acid, and later for 
th | 5-MEAA and 5-HIAA. This may depend on the fact that afferent vasospasm 
a and the ensuing reduction of renal excretion are much more intense and pro- 
"5 longed after 5-HT and 5-MT than after equal doses of tryptamine. The meta- 
- - polites of the first two substances are consequently retained in the blood longer 


than indoleacetic acid. 

(4) The presence of 5-HIAA in normal urine provides unambiguous evidence 
- of the occurrence of free 5-HT in plasma, Plasma, indeed, is the necessary 
intermediate between the platelets, which carry 5-HT and have no inactivating 
| enzymes, and the cells of parenchymatous organs (liver, kidney, intestine, etc.) 
os which are rich in amine oxidase. The oxidative deamination of 5-HT to 5-HIAA 


can take place only in these cells. 
i Failure to demonstrate 5-HT in plasma is surely due to the inadequacy of 
our biological and chemical assay methods. 
3; | (6) The quantitative results obtained in the present investigation and the 
es data on the 5-HT content in the organism of various animal species reported in 
he previous papers (Erspamer, 1954a-c), give us for the first. time reliable quanti- 
- tative information on the metabolism of endogenous 5-HT and, in our 
- opinion, strongly substantiate the ‘physiological’ nature of the action of 5-HT 
Ht on renal haemodynamics and function. 
he \ The data concerning human beings, dogs and rats deserve particular 
attention. 
~ The organism of a dog weighing 10 kg contains altogether 1-58 mg of 5-HT, 


“ of which as much as 1-42 is in the gastro-intestinal mucosa, 0-086 in the spleen 

by and only 0-073 in the blood. In normal dog urine approximately 3yg of 

: 5-HIAA per ml. are detectable, ic. about 450ug in the 150 ml. of urine 

excreted in a 24 hr period by a dog weighing 10 kg. These 450g must originate 
9 PHYSIO. CXXVII 


. 
an 
4 
Ss 
4 
su 
> 
=? 
: 


130 V. ERSPAMER 


from the oxidative deamination of 410g of 5-HT. From our experiments on 
the fate of exogenou’ 5-HT we have learned that in reality less than 50% of 
the metabolized 5-HT appears in the urine as 5-HIAA. Therefore, to get a 
more exact idea of the amount of endogenous 5-HT metabolized every day we 


must at least double the above values. This signifies that at least 800ug of — 
5-HT are released into the plasma daily in a free, active form and then | 
inactivated. A quantity of 5-HT corresponding to the 5-HT content of the — 


entire organism is metabolized every 48 hr, and a quantity corresponding to 
_ the whole blood 5-HT every 2 hr. 
It may be of interest ‘to recall here that an abrupt liberation of platelet 


5-HT, such as occurs for example in the defibrination of the blood, imparts to — 


the dog’s blood a powerful constrictor action on the renal vessels, which dis- 
appears only after the defibrinated blood has circulated for 10-20 min through 
the lung or the liver (Starling & Verney, 1925; Herrick & Markowitz, 1929). 


It should be stressed that the quantity of 5-HT which provokes this powerful — 


vasoconstriction could be renewed every 2 hr, if the daily urinary output is 


450ug HIAA/dog, or at least every 20 min if the higher estimates (3000,.9/ 


dog/24 hr) given by Titus & Udenfriend (1954) are correct. 
The total blood of a human being contains about 400g of 5-HT (0-06 g/ml.). 


Human urine shows an average content of 3yg/ml. of 5-HIAA, viz. 4500yg 


in the 1500 ml. of a 24 hr period. This corresponds to 4100ug of 5-HT, a figure 
which, again, must be multiplied by three or at least by two to get the amount 
of 5-HT which is really released into the plasma and destroyed every 24 hr. 
_ Experiments with parenteral exogenous 5-HT have, indeed, shown that in 
human beings, too, 5-HT is only in part recoverable from urine as 5-HIAA. 
If therefore 8000—12,000 1g of the 5-HT are metabolized every day, a quantity 
of the substance corresponding to the total blood 5-HT is renewed every hour. 

The rat organism contains 125g of 5-HT per kg of body weight: 80g in the 
gastro-intestinal mucosa, 11g in the spleen and 34g in the blood. 

In the 775 ml. urine excreted over a 12 hr period by 155 rats weighing 


26-5 kg (59 ml. urine/kg/24 hr), 1070ug of 5-HIAA were found, viz. 81-4jz¢/ _ 


kg/24 hr. This corresponds to 75ug 5-HT/kg/24 hr. This figure has to be multi- 
plied by three, on the basis of our experiments on the fate of exogenous 5-HT 
in the rat, and this gives 225yug of 5-HT/kg/24 hr, viz. 9-10ug/kg/hr. It fol- 
lows that a quantity of 5-HT corresponding to the entire blood 5-HT is meta- 
bolized every 3-4 hr and a quantity corresponding to the 5-HT of the entire 
organism is metabolized every 12-14 hr. , 

Now, in hydrated rats a subcutaneous injection of 4ug/kg of 5-HT is sufli- 
cient to produce a significant reduction of diuresis, over a 60-90 min period 
(Erspamer & Ottolenghi, 1953). This dose corresponds to the amount of the 
substance which is released into the —* and re “cd the rat orga- 
nism every 25-30 min. 
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The above quantitative considerations concerning the rat and, with some 
reservations, the dog, seem to support our hypothesis that 5-HT is concerned 
in the regulation of the function of the kidney (Erspamer & Ottolenghi, 1953; 
Erspamer, 1954a-c). In this connexion we have also to keep in mind that no 
other biological action of the substance, besides the renal one, kas so far been 
provoked by doses of 5-HT such as are eines in and metabolized by the 
organism. 

(6) In our opinion 5-HT originates in the intesehscohalin cells of the 
gastro-intestinal mucosa from which, when needed, it is released into the 
circulation. We consider platelet 5-HT as mere transport 5-HT (Erspamer, 
19546, 

This view does not seem to be shared by Vdeadaieisa & Weissbach (1954), 

who believe that 5-HT ‘is synthesized and incorporated at the site of platelet 
formation’, being metabolically inert until the platelet disintegrates, and that 
‘the high concentration (of 5-HT) in platelets is not due to a concentrating 
mechanism for 5-HT nor do the platelets form 5-HT from its precursor 5-OH- 
tryptophan’. 
- The quantitative data on 5-HT metabolism reported in the present paper do 
not support the hypothesis of Udenfriend & Weissbach. It is sufficient to keep 
in mind that the average life span of platelets is 4-6 days, whereas a quantity 
of 5-HT corresponding to the total blood 5-HT is metabolized every 1-3 hr. 
It should be added that Humphrey & Toh (1954) showed that platelets are 
capable of concentrating 5-HT from their suspending medium. 

(7) The quantitative estimation of urinary 5-HIAA, in those animal species 
in which the acid is detectable, will probably represent the method of preference 
for a comprehensive evaluation of the rate of metabolism of endogenous'5-HT 
under normal and pathological conditions, as well as a valuable source of 
information for a better understanding of the biological significance of 5-HT- 
Indeed, it is obvious that changes in the urinary output of 5-HIAA must fol- 
low changes in the turnover of 5-HT, no matter whether these changes are due 
to some modification in the activity of amine oxidase, or much more prob- 
ably, to some modification in the amount of 5-HT exposed to amine oxidase, 


SUMMARY 
1. 5-Hydroxyindoleacetic acid (5-HIAA) is a normal constituent of the 
urine of carnivorous and omnivorous mammals, and probably of other groups of 


vertebrates. This acid is present in large amounts also in the urine of herbi- 


vorous mammals, but only during suckling ; it disappears with the transition . 
to vegetable food. 

2. 5-HIAA could not be detected in human amniotic liquid, nor in human 
or dog faeces. This last observation rules out the sf dia that vio 


5-HIAA has a bacterial intestinal origin. 
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3. Administration of 5-HT provokes a remarkable increase in the urinary 
output of 5-HIAA, but only in those animal species whose urine contains the - 


acid as a normal constituent. 5-60% of the 5-HT administered may be re- 
covered from urine as 5-HIAA. 


4. Administration of 5-methoxytryptamine is followed by the appearance | 
in urine of great amounts of 5-methoxyindoleacetic acid, that of tryptamine | 
and N-methyltryptamines by the appearance of varying amounts of indole- 


acetic acid, both free and conjugated with glycine (indoleaceturic acid). 
5. The indoleacetic acids found in urine could be detected also in rat’s 
blood following parenteral administration of adequate doses of the corre- 


sponding indolalkylamines. 


6. ‘These results emphasize the importance of amine oxidase in the inactiva- 
tion of 5-HT and related indolalkylamines in the living organism. Amine — 
oxidase acts not only on indolalkylamines with a primary amino group in the — 


side chain, but also on those with a secondary, or even a tertiary amino group. 


The quaternary ammonium bases, e.g. bufotenidine, seem on the contrary not 


to be attacked by the enzyme. 


7. The quantitative data on the urinary output of 5-HIAA under normal — 


conditions and after administration of exogenous 5-HT as illustrated in this 
paper, combined with the quantitative data on the occurrence and distribu- 
tion of 5-HT in the organism of the common laboratory animals, as reported in 
previous papers, have allowed us to obtain, for the dog and the rat, reliable 
information not only on the absolute amount of 5-HT which is daily metabo- 
lized in the body, but also on the relation between the rate of metabolism of 
5-HT and the content of this substance in the blood, the gastro-intestinal 
mucosa and the entire organism of the experimental animal. The importance 
of these data in regard to the problem of the biological significance of 5-HT is 
discussed. 

8. The quantitative estimation of 5-HIAA in urine is suggested as the 
method of preference in the study of the metabolism of endogenous and exo- 
genous 5-HT under normal, experimental and pathological conditions. 


I am indebted to Prof. R. Manske for the methyltryptamines. It is a pleasure to thank Dr I. 
Cortese for her excellent technical assistance. 
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VASOCONSTRICTION IN THE HAND DURING ELECTRICAL 
STIMULATION OF THE LUMBAR SYMPATHETIC 
CHAIN IN MAN 
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Vasodilatation i in the haa has been shown to occur ahd the legs are Seated 


by means of a radiant heat cradle (Kerslake & Cooper, 1950). This increase in 


hand blood flow is dependent on afferent nervous impulses arising in the heated — 
area. The response is abolished by lumbar sympathectomy, and there is pre- — 


sumptive evidence that the afferent fibres concerned in nervous reflex vaso- 
dilatation are anatomically located, for part of their course, in the sympathetic 
chain (Cooper & Kerslake, 1953). It has also been suggested that the rate of 


discharge of impulses along these afferents is a function of the rate of flow of 


heat through the area of skin in which they arise (Kerslake & Cooper, 1954). 
It was thought worthwhile, therefore, to attempt to stimulate the lumbar 
sympathetic chain electrically, and to observe any concomitant change in the 


hand blood flow. If the supposition as to the origin of the afferent impulses 
were correct, electrical stimulation of the fibres would produce an effect analo- — 


gous to cooling the skin, and reflex constriction would occur in the hand. 


METHODS 
Experiments were carried out on patients during the performance of lumbar sympathectomy for 
peripheral circulatory disorders, The patients were anaesthetized with pentothal (thiopentone 
sodium) and the anaesthesia was maintained with nitrous oxide, Scoline (succinyl! choline chloride) 
was given intravenously to give adequate relaxation of the abdominal musculature for the surgical 
procedures. 

Hand blood flows were measured with a venous occlusion plethysmograph using an electrical 
volume recorder (Cooper & Kerslake, 1951). The flows were measured on the side opposite to that 
on which the sympathectomy was performed, a site appointed solely as being most convenient to 
the surgeon. 

An electronic stimulator was used enabling square wave shocks to be delivered to the stimulating 
electrodes. The pulse duration could be varied between 1-0 and 35 msec, and the frequency of 


stimulation between 0-5 and 30 impulses/sec. Various electrodes were devised, and the most suitable 
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LUMBAR SYMPATHETIC STIMULATION 
were found to be two stainless-steel laminectomy hooks 30 cm long insulated with ‘Araldite’ 


resin (Aero Research Ltd.) and bared on the inner curvature of the hooks. The radius of curvature _ 


of the hooks was 2 mm. The polarity of the electrodes with respect to each other was controlled by 
a commutator on the stimulator. 

Since the anaesthetic risk to the patient might be increased with the duration of the operation, 
and the risk of infection is greater the longer the abdomen is open, experiments were limited in 


_ time to about 20 min. This meant that a number of desirable investigations had to be left undone. 


The approach to the sympathetic chain was retroperitoneal via an anterior abdominal incision; 
and the state of the nerve during stimulation depended on the amount of trauma which it had 
suffered during its dissection and identification. 


RESULTS 


Nine experiments hate been performed in which the lumbar sympathetic chain 
was stimulated and the blood flow in the opposite hand was measured. In six 
experiments no change occurred in the hand blood flow, and in three, hand 
vasoconstriction occurred during stimulation. The possible reasons for the 
failure of stimulation to produce a response in the six unsuccessful experiments 
will be examined in the discussion, and the changes in hand blood flow in the 
three successful experiments will be presented in this section. 

Subject A.M. In Fig. 1 the left-hand arterial inflow curves during stimulation 
of the intact right lumbar sympathetic chain, between L, and L, ganglia, are 
shown. In the upper trace it can be seen that the slope of the arterial inflow 
trace is reduced during stimulation. The stimulus used was a 20 msec pulse at a 
frequency of 25/sec and of 10 V amplitude. The vasoconstriction was apparent 
less than 8 sec after the stimulus was applied. On switching off the current the 
blood flow returned to its resting level. The slope of the inflow curve after 
cessation of stimulation increased abruptly 11-12 sec after the stimulus was 
removed. The middle trace shows a repetition of this experiment in which there 
was again a vasoconstriction in the left hand when the right lumbar sympathetic 
chain was stimulated. In the lower trace the effect of stimulating a nearby 
piece of connective and fatty tissue is seen. 

Subject A.G. The right lumbar sympathetic chain was stimulated, between 
L, and L, ganglia, with 20 msec pulses at a frequency of 25/sec. The left-hand 
blood flows were measured. Fig. 2 shows the trace obtained of the arterial 
inflows in the left hand. There is a diminution of blood flow in the hand during 
stimulation. The onset of this vasoconstriction is less than 6 sec from the time — 
of application of the stimulus. Fig. 3 shows a similar experiment in which the 
stimulus was removed at the beginning of an inflow tracing. From this, it can 
be seen that the return of the blood flow in the hand to its normal level com- 
mences in less than 10 sec after cessation of stimulation (i.e. between the end 
of stimulation and the point Y in Fig. 3), but there is no evidence of this occur- 
ring during the first inflow curve after stimulation ceases. It will also be noted 
that the hand volume has decreased during stimulation. 
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| 10 
Off On Off re) 


Intact chain 


Fig. 2. Blood flows in the left hand when the intact right lumbar sympathetic chain was | 
between J, anc The traces read from right to left. 


chain 
We. 3. Hand blood-flow records during stimulation of the lumbar sympathetic chain. 
The arrow Y is placed 10 sec after the end of stimulation. The traces read from right to left. 


Subject E.B. During the operation on this patient, it was possible to stimulate 
the intact right lumbar sympathetic chain between L, and L, ganglia, and then, 
having divided the chain between these ganglia, to stimulate the cut central 
end and the cut peripheral end. The left-hand blood flow was measured. The 
intact sympathetic chain was stimulated first with the electrodes about 2 mm 
apart and no change occurred in the left-hand blood flow. A wide range of 
shock durations and frequencies were tried but no evidence of vasoconstriction 
or vasodilatation in the hand was found. The electrodes were then separated 
further so that there was more than 1 cm between them. Fig. 4A, B show 
the changes in the hand blood flow which occurred when 28 msec pulses were 
applied at a frequency of 25 and 20/sec to the sympathetic chain. There was a 
significant vasoconstriction in the left hand. The sympathetic chain was then 
cut between the 2nd and 3rd lumbar ganglia. The left-hand arterial inflows 
were recorded at this time and are shown in Fig. 5A. The mechanical stimulus 
of nerve section produced a diminution in hand blood flow. (A similar though 
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not so dramatic response is shown in Fig. 5B, when later the chain was again — 
cut, between the lst and 2nd lumbar ganglia, after the stimulation experiments _ 
described below were completed.) The cut central end of the sympathetic chain — 
was stimulated with the electrodes more than 1 cm apart, below the 2nd lumbar _ 
ganglion. Hand arterial inflow traces during this stimulation are shown in © 


Off 28 msec at 25/sec On 
9 Intact chain 


| ‘Intact chain 
Fig. 4. Hand blood-flow records during stimulation of the intact lumbar sympathetic chain: — 
(A) with 28 msec pulses at 25/sec, and (B) with 28 msec pulses at — The traces read from 


right to left. 


Nerve being cut 


Cutting central end to 


Fig. 5. Subject E.B, Hand blood-flow records taken while the sympathetic trunk, was cut: 


Fig. 6A, B. In both cases hand vasoconstriction occurred during stimulation, 
being more intense in the experiment shown in Fig. 6A than in Fig. 6B. 
Finally, in Fig. 7A, B the hand arterial inflows during stimulation of the cut 
peripheral and above the 3rd lumbar ganglion of the chain can be seen. Com- 
paring Fig. 7 with Fig. 6, it will be seen that there was no response in the left- 
hand blood flow. Between the points indicated in Fig. 7A a twitch occurred 
owing to spread of current to the muscles of the abdominal wall during 
a stimulation, but no change in hand blood flow was caused. 
General observations, Analysis of the tracings reveals no change in heart rate 
during the period of stimulation of the lumbar sympathetic chain. No measure- 
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Muscle twitch 


30 msec at 10/sec 
Cut central end 
“Fig. 6. Hand blood-fiow records during stimulation 


thetic chain, with 30 msec pulses: (A) at 24/sec and (B) at 10/sec. The traces read from “ 
to left, 


30 msec at 25/sec 
Cut peripheral end 
B 


msec at 
Cut peripheral end 
Fig. 1. A, B, hand blood flows taken during stimulation of the peripheral cut end of the 
lumbar sympathetic chain, The traces read from right to left. | 
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ment has been made of blood pressure partly owing to the short duration of : 


stimulation, and partly owing to shortage.of man-power. No measurement 
was made of respiration, but the anaesthetist who was watching for marked 
respiratory responses could report no visible gasp or variation in respiration 
during stimulation. The results of stimulation of subject E. B. are displayed in 
graph form in Fig. 8. No response other than vasoconstriction has been elicited 


so far by any of the range of _ seammacea frequencies and amplitudes used — 


during stimulation. 


20r 


G 
z 
* Intact chain Cut central end Cut peripheral end - 


Fig. 8. The mean hand blood flows of subject E.B.: (a) during the period prior to stimulation, 
(6) during stimulation, and (c) immediately after stimulation of the lumbar sympathetic 


DISCUSSION 


Four factors are thought to have played a part.in the failure to elicit a response 
in six experiments. First, it was not realized until late in the series that the 
inter-electrode distance was critical. In the experiments where failure occurred 
_ the inter-electrode distance was of the order of 3 mm, whereas the optimum 
spacing appears to be greater than 1 cm. Secondly, the depth of anaesthesia at 
the time of stimulation varied. Thirdly, with some designs of electrodes, there 
was considerable pulling on the nerve in order to lift it from the body wall on to 
the electrodes. Such trauma may well have been adequate to damage or des- 
troy the nerve fibres which it was hoped to stimulate. Fourthly, no precau- 
tions could be taken to prevent drying of the nerve after its exposure, and tlie 
degree of this dehydration may have varied from experiment to experiment. 
It is felt, therefore, that no significance can be attached to the absence of a 
response under the experimental conditions used. 
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From the evidence adduc ed, it is most probable that the nerve fibres stimu- 
lated were running in the sympathetic chain and were not ordinary somatic — 
nerve fibres excited by spread of current to the body wall. Stimulation of 
nearby tissue on the body wall (Fig. 1) did not elicit the hand blood-fiow 
response which was obtained by the same stimulus to the sympathetic chain. 
Again, on stimulating the peripheral cut end of the chain, there was no hand 
vasoconstriction, even when a twitch occurred in the muscles of the posterior 
body wall during stimulation (Fig. 7A). 

The onset of vasoconstriction in the hand when the lumbar sympathetic chain 
is stimulated occurs with a latency of less than 6 sec. This is consistent with the 
latency between switching off a radiant heat cradle over the trunk or legs and 
the fall in hand blood flow which then occurs (Kerslake & Cooper, 1950). 
Similarly, the time which elapses between switching on the heat cradle and the 
appearance of a hand vasodilatation (<12 sec, >6sec) is of the same order as 
the latent period between the cessation of stimulation and the increase in hand 
blood flow which then occurs. Some evidence suggests (Kerslake & Cooper, 
1954) that the skin receptors responsible for nervous reflex vasodilatation dis- 
charge at a frequency which is correlated positively with the rate of heat 
flow (normally outward) through the skin. Ifthe nerve fibres arising from these 
endings were those stimulated in the work described here; then the response to 
be expected in the hand would be vasoconstriction. Folkow (1952) has shown 
that the latent period of relaxation of the small blood vessels is a function of 
the rate at which their motor nerves have been stimulated, and may lie between 
6 and 18 sec. He considers that the latent period between the cessation of 
stimulation and the vascular relaxation is probably mainly due to delay in the 
destruction of the transmitter substance at the vasomotor nerve endings. If 
this is the case, then the delay in vasodilatation after lowering the frequency of 
the afferent sympathetic discharge will be similar whatever the mechanisms 
whereby that discharge frequency is lowered. 

Previous evidence (Cooper & Kerslake, 1953) suggests that part of the 
afferent arc of reflex vasodilatation due to warming the legs with radiant heat 
is anatomically located in the lumbar sympathetic chain. The fibres sub- 
serving the afferent side of this reflex may therefore be those excited during 
stimulation of the sympathetic chain. It is also known that some visceral 
afferent fibres travel in the sympathetic chain (Bain, Irving & McSwiney, 
1935; McSwiney, 1945), but the anatomical levels at which such fibres enter the 
sympathetic chain in man are not clearly defined. That distension of some 
viscera, especially. the bladder, can lead to vasoconstriction in the hand was 
demonstrated by Guttmann & Whitteridge (1947). It is possible that afferents 
from such a viscus were involved in the responses described in this paper. The 
absence of any noticeable change in the pattern of respiration makes it 
unlikely that the vasoconstriction was secondarily due to a gasp response from 
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pain fibre stimulation. This view is also reinforced by the absence of any heart — 


rate change during stimulation of the sympathetic chain. 


It is concluded that fibres exist in the lumbar sympathetic chain, stimula- 
tion of which causes vasoconstriction in the opposite hand. These fibres may _ 
arise in the viscera, or may be the afferent fibres from the legs concerned 1 inthe — 


reflex vasodilator response to heating the skin. 


SUMMARY 
1. Electrical stimulation of the intact and the cut central end of the lumbar 


sympathetic chain between LT, and Ly ganglia in man, under nitrous oxide | 


anaesthesia, caused vasoconstriction in the opposite hand in three of nine 
experiments. 


2. Similar stimulation of the cut end of the lumbar sympathetic 


chain and of nearby connective tissue did not cause hand vasoconstriction. 
3. It is concluded that nerve fibres in the sympathetic chain were stimu- 
lated, and that afferent impulses set up in these fibres were responsible for the 
hand vasoconstriction. The effectiveness of stimulation appeared to depend in 
part on the inter-electrode distance. 

4. The latency of the vasoconstriction after the onset of wéemtiition was less 
than 6 sec, The latent period between cessation of stimulation and the release 
of vasoconstriction in the hand was between 5 and 12 sec. The significance of 
this latency 1 is discussed. 


_ 5. ‘The view that these fibres are associated with afferent impulses from the 


legs which mediate hand vasomotor responses to heating the legs is discussed. 
Other possible origins of these fibres are also discussed. 


_ The authors wish to express their thanks to Mr C. G. Scorer of Hillingdon Hospital, Mr G. L. 
Bonney of the Royal National Orthopaedic Hospital, and Professor C. G. Rob of St Mary’s 
Hospital, Paddington, who performed the operations during which these observations were made. 
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HYPOTHALAMIC CONTROL OF FOOD INTAKE 
IN CATS AND MONKEYS 


By B. K. ANAND, 8. DUA anp KATE SHOENBERG 


From the of Physiology, Lady Hardinge Medical College, 
New Delhi, India 


(Received 10 August 1954) 


The or of the central nervous system in regulating food intake was aiabahiy 
suggested first by the discovery that either obesity or emaciation may occur 
in patients with nervous diseases. For a while these observations were not 
properly evaluated, because emphasis was laid upon the obesity as such, or the 
leanness, rather than upon the changed eating habits responsible for the 
clinical picture. Interest. was focused on the hypothalamic region by the 
experimental studies of many workers (Hetherington, 1941; Hetherington & 
Ranson, 1940, 19424, b; Brobeck, Tepperman & Long, 1943; Kennedy, 1950; 
Ranson, Fisher & Ingram, 1938) who showed that bilateral lesions in the 
medial hypothalamus, especially lesions in or ventro-lateral to the ventro- 
medial nucleus, resulted in obesity. The confusion introduced by the notion 
that pituitary disturbances caused obesity was also clarified by Hetherington 
(1943), who showed that the hypophysis is in no way directly concerned with 
the pathogenesis of obesity following injury to the base of brain. Brobeck e¢ al. 
(1943) demonstrated that this hypothalamic obesity was due to increased food 
intake (hypothalamic hyperphagia) rather than to disturbances in the fat, 
carbohydrate or intermediary metabolism. From the time of its discovery this 
hyperphagia was assumed to be a release phenomenon brought about ee 
the destruction of an inhibitory mechanism. 

The existence of another mechanism in the lateral hypothalamus of the dnt, 
which controls the ‘instinct’ or the ‘urge’ to eat, was demonstrated by Anand 
& Brobeck (1951a, b). They showed that bilateral destruction of a well 
localized ‘area in the lateral hypothalamus, at the same rostro-caudal level as 
the ventro-medial nucleus, produces complete aphagia and death due to 
starvation, in spite of the availability of food. It was also observed that of the 
two mechanisms the lateral one exerts the more basic type of control over food 
intake and the medial one (inhibitory) produces its effects only when the lateral 
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is intact. The lateral mechanism is designated a feeding centre’, or even an { 
‘appetite centre’, while the medial one is called a ‘satiety centre’. Joliffe 


named the two, together, the ‘appestat’. 


The present study was undertaken to determine, whether similar mechanisms , 
exist in the hypothalamic regions of higher mammals, cats and monkeys, and — 
also whether they are modified by the more highly evolved higher nervous : 


centres. 
METHODS 


Bilateral electrolytic lesions were produced in the different areas of the hypothalamus of sixteen 


cats and seventeen monkeys (macacus), with the aid of the Horsley-Clarke stereotaxic instrument. 


Only those animals which recovered consciousness after operation and became awake and active : 


are being reported here. Those that remained somnolent are reported elsewhere. The cats weighed 


between 2-5 and 4 kg, and the monkeys between 3-5 and 4-5 kg. Intraperitoneal pentobarbitone _ 


sodium (M. & B.) was used for anaesthesia (0-7—0-8 ml. of a 5% solution/kg body weight in monkey 
and 0-8-1 ml. in cat). Intraperitoneal Dial (Ciba) was tried for anaesthesia at first but was dis- 
carded as the animals did not recover consciousness for 2-3 days. With pentobarbitone, they 


recovered consciousness within a few hours after the operation. With the head in the stereotaxic _ 


instrument, a small craniotomy was performed, and lesions were produced with a unipolar electrode 
directed into the hypothalamus. An indifferent electrode applied on the surface of the animal 
served as an earth. At each point in the hypothalamus, electrolysis was produced by passing 
a direct current of 3 mA for 30 sec, Lesions of any size can be produced by electrolysis at adjacent 
points, separated from each other by 14-2 mm. The co-ordinates of the stereotaxic instrument for 
different regions of the hypothalamus both in cats and monkeys had been worked out previously. 

These animals were fed ad lib., both before and after the production of hypothalamic lesions. 
A daily record was kept of food intake and weight. The cats were fed on minced meat and milk, 
and the monkeys on nuts, fresh fruit and vegetables. The animals that developed aphagia were 
kept alive by feeding on milk and egg mixture by stomach pump, with no tube feeding on certain 
days to see if the aphagia persisted. 


Finally the animals were ssotificed snd histological sections made of the brain. These were 


. RESULTS 
Bilateral hypothalamic lesions were produced in sixteen cats. The following 
post-operative feeding responses were obtained. 


(i) Aphagia 

In four cats (nos. 7, 11, 15 and 18) was and 
abolished in spite of the availability of food in the cage. All these recovered 
consciousness within a few hours of the operation and, except for aphagia, did 
not seem to be abnormal. They were awake and active, did not show any 
neurological deficits, and their rectal temperatures were normal. They refused 
food not only when it was placed in contact with their lips and teeth, but even 
when it was placed inside their mouths. They were kept alive by stomach tube 
feeding for periods ranging from 1 to 4 weeks. During these periods tube feeding 
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was withheld periodically for as long as 2 days without the cats. showing any 
spontaneous desire to eat. The feeding response of one of them is shown in 


Fig. 1. In this (no. 11) the tube feeding was stopped and it died from starve: 
tion, without eating the available food. 


| 
> Showing indications 
25 500 SOF Weight ---—e—-—.~» 
Meat 
20 400 400 + 
. Sy 
15 300 300} 3 


T 
Days 
Fig. 1. Food intake (spontaneous) and weight chart of cat 11 which developed 
complete aphagia after hypothalamic lesions. 


All histological sections of the aphagic animals showed bilateral destruction 
of the same region, i.e. the lateral-most region of the lateral hypothalamus i in 
the plane of the central part of the middle hypothalamus (median eminence ~ 
region) (Figs. 2a and 3a). In one animal (no. 11), in addition to this area, the 
lesions had also progressed rostrally into the anterior hypothalamus (Fig. 25), 
while in two (nos. 15 and 18) the lesions had also progressed caudally into the 
posterior hypothalamus (Fig. 36). Other adjacent structures (medial hypo- 
thalamus, fornix, internal capsule, optic tract, etc.) were mostly left intact. 


(1) Hyperphagia 

Two cats (nos. 2 and 10) developed hyperphagia after the operation. In 
cat 2 the daily intake of both meat and milk was markedly increased, while 
cat 10 did not eat for 4-5 days and later developed an increased desire for 
food. Histological sections showed bilateral destruction of the medial hypo- 


thalamic area in the region of the median eminence (Fig. 4), leaving the lateral 
10 PHYSIO. CXXVII 
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Cat 11 Cat 11 


“ 
ail? 
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(6) 


Fig. 2. Drawings of sections through diencephalon of cat 11. Lesions have destroyed the lateral 
parts of middle (a) and anterior hypothalamus going up to suprachiasmal region (6), producing 
aphagia. Lettering for this and later figures: DM, nucleus hypothalamicus dorso-medialis; 
F, fornix; HA, nucleus hypothalamicus anterior; HL, nucleus hypothalamicus lateralis; HP, 
nucleus hypothalamicus posterior; JC, internal capsule; MB, mammillary body; MZ, median 
eminence; OT’, optic tract; OX, optic chiasma; PV, nucleus paraventricularis; 7', thalamus; 
VM, nucleus hypothalamicus ventro-medialis; III V, third ventricle. 


Cat 15 Cat 15 


Fig. 3. Sections through diencephalon of cat 15. Lesions have destroyed the lateral parts of 
middle (a) and posterior hypothalamus going up to mammillary region (b), producing 
aphagia. | 


Cat 2 


Fig. 4. Lesions destroying the medial hypothalamus in the region of median eminence, 
producing hyperphagia. Lateral hypothalamus is spared. — 
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hypothalamus intact. In cat 10 bilateral lesions were later produced in the 
lateral hypothalamic region described above. After this — changed 
to complete aphagia. 3 


(ili) Normal eating 


The remaining ten cats showed no change in their feeding responses after the 
operations. Histologically these showed lesions which were either rostral 
(Fig. 5) or caudal (Fig. 6) to the two hypothalamic wen described above 
(i and ii), which i in omy case were left intact. — 


Cat 34 


Fig. 5 


Fig. 5. hypothalamis regions only. No change 
in food intake, ~ 


Fig. 6. Lesions destroying the posterior hypothalamic regions only, No — in food intake. 


In some animals, which showed lesions adjacent to the. tiara area, food 
intake was completely stopped or decreased for the first few days, but returned - 
to normal later on. . 

Monkeys 

The seventeen monkeys, with bilateral hypothalamic lesions showed the 

following post-operative feeding responses. 


(i) Aphagia 

In four monkeys (nos. 2, 11, 12 sad 18), the operations were followed by 
complete cessation of eating and they would not eat even when the food was 
put into their mouths. Two other monkeys (nos. 4 and 7), on the other hand, 
would not eat the food easily available to them in the cage, in spite of starva- 
tion, but when the food was put directly into their mouths they would bite on 
it and swallow it. These two could be kept alive by putting the food into their 
mouths, while the other four had to be fed by stomach tube. They were kept 
alive for periods ranging from 1 to 4 weeks. All six recovered consciousness 
within a few hours after the operation, and none of them, except no. 4 (see 
below), showed any apparent — or —s deficit. Their rectal 


temperatures were normal. 
10-2 
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Histological examination in all these showed bilateral destruction of the 
lateral hypothalamus in the plane of the central part of middle hypothalamus 
(median eminence region) (Figs. 7a, 8a). Histologically no difference could be 


Monkey 11 Monkey 11 


Fig. 7. Sections through diencephalon of monkey 11. Lesions have destroyed the lateral parts of 
middle (a) and anterior hypothalamus (6), producing complete aphagia. 


Monkey 4. Monkey 4_ 


Fig. 8. Lesions destroying the lateral parts of middle (a) and posterior hypothalamus going up to 
mammillary region (6). It would not eat food available in the cage, but would swallow food 
put into its mouth. 


demonstrated between the lesions in monkeys 4 and 7 and monkeys 2, 11, 12 
and 18. In one animal (no. 11) the lesions had progressed rostrally into the 
anterior hypothalamus (Fig. 76), in two (nos. 4 and 7) they had progressed 
into the posterior hypothalamus (Fig. 86), while in the other three they were 
localized to the lateral part of the middle hypothalamus. Monkey 4 showed 
generalized tremors involving the head and limbs, and histological study 
revealed that the lesion on the left side had damaged the enieate nucleus 1 in 
addition to the hypothalamic region. 


(ii) Hyperphagia 
One monkey (no. 3) sidaneh hyperphagia after the operation. Histo- 
logical sections showed involvement of the medial hypothalamus in the region 
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of the median eminence. Later on bilateral lesions were placed in the lateral 
hypothalamus of this animal and this changed the feeding response into com- 
plete aphagia. 


(iii) Normal eating 

The remaining ten monkeys did not show any change in their feeding 
behaviour as a result of the hypothalamic lesions. In eight of these, the lesions 
were shown to be either rostral or caudal to the two hypothalamic regions 
described above (i and ii), which were spared. In monkey 13, although the 
lesions were in the same plane as described above (i), the lesion on one side was 
in the lateral hypothalamus, while on the other side it was well outside the 


Monkey 13 


Fig. 10 

Fig. 9. Asymmetrical lesions destroying the lateral parts of middle hypothalamus on the right side, 
but outside the hypothalamus on the left side. No change in food intake. 

Fig. 10. Little destruction of the lateral parts of middle hypothalamus. No change in food 
intake. 

lateral hypothalamus. Thus only unilateral destruction of the lateral hypo- 

thalamus had been produced (Fig. 9). In monkey 17, although the tracks of 

the electrode were seen in the region of the lateral hypothalamus described 

above (i), somehow no electrolysis had been produced (Fig. 10). | 

None of the cats or monkeys with hypothalamic lesions showed any rage 
reaction (Wheatley, 1944; Bard & Mountcastle, 1948). 


DISCUSSION | 
The present study appears to confirm the existence of the same hypothalamic 


_ Mechanisms controlling the feeding response in cats and monkeys as were 


previously demonstrated in the rat (Anand & Brobeck, 1951a, 5). 
Development of hyperphagia by bilateral destruction of the region in the 
neighbourhood of the ventro-medial nucleus has been shown by various workers 
in the rat. On the other hand, hyperphagia in cats has been demonstrated 
only by Wheatley (1944) and Anand & Brobeck (19515), and in monkeys by 
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Ranson et al. (1938) and Ruch, Patton & Brobeck (1942). The first three 
groups of workers obtained hyperphagia after producing bilateral lesions 
involving the region of the ventro-medial nucleus only, while Ruch eé¢ al. 
obtained it from more caudally placed lesions of the ventral part of the thala- 
mus and the rostral portion of the mesencephalic tegmentum. In the present 
study all the hyperphagic animals had lesions in the region of the ventro- 
medial nucleus and none of the animals with caudal lesions gave this response. 
As reported previously (Anand & Brobeck, 1951la, 6), even in these higher 
mammals, the hyperphagia could be obtained only if the lateral hypothalamus 
(feeding centre) was left intact. After bilateral destruction of the lateral hypo- 
thalamus in these hyperphagic animals (cat 10 and monkey 3), the hyper- 
phagia changed into complete aphagia. 

In an earlier report, Anand & Brobeck (19514, 6) reported the existence of 
areas in the lateral hypothalamus of the rat, at the same rostro-caudal plane 
as the ventro-medial nucleus, which when bilaterally destroyed lead to com- 
plete inhibition of food intake. The present study confirms the existence of 
similar areas in cats and monkeys. Destruction of these areas bilaterally leads 
to aphagia, Unilateral destruction of this area does not produce aphagia 
(monkey 13) and this is in conformity with the observations that unilateral 
injury to the medial hypothalamus does not lead to hyperphagia, and that 
stimulation of either side of the hypothalamus usually affects both sides of the 
visceral. nervous system, and probably of the somatic as well. Failure of 
spontaneous eating for variable periods following hypothalamic injury has also 
been reported incidentally in cats by Clark, Magoun & Ranson (1939), Ingram, 
Barris & Ranson (1936), and Anand & Brobeck (19516), and in monkeys by 
Ranson (1939). Delgado & Anand (1953), on the other hand, showed in- 
creased food intake in some cats by stimulation of this lateral hypothalamic 
region. 

Thus the hecothalaiiue of the higher mammals, monkey and cat, possesses 
both the mechanisms controlling feeding behaviour, the more lateral area 
being designated a ‘feeding centre’ and the more medial a ‘satiety centre’. Ac- 
cording to Brobeck (personal communication), these hypothalamic mechanisms 
probably do not represent the most basic mechanisms of feeding behaviour, 
which must be reflex in nature, as the hypothalamus is too high in the brain 
stem to represent a really fundamental neural circuit. The feeding reflexes may 


be initiated by the sight, odour, or sound of food, or contact with it. The hypo- 


thalamic centres have probably the function of facilitation (lateral hypo- 
thalamus), and inhibition (medial hypothalamus) of these reflexes. Hunger 
contractions may also be included as a source of central facilitation. It is not 
yet quite clear what activates the inhibitory mechanism (satiety centre) and 
brings about satiation of the animal. Strominger & Brobeck (1953) think it is 
specific action of the food ingested. 
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Although all the cats (in common with the rats previously reported) with 
bilateral lesions in the ‘feeding centre’ developed complete and permanent 
aphagia, out of the six monkeys having lesions in this area, only four had com- 
plete aphagia, while the other two would not eat the food by themselves, but 
would take it when the food was put directly into their mouths (monkeys 
4 and 7). This may be explained on the basis of the monkey possessing phylo- 
genetically a higher type of neocortex than the cat and rat, and may be 
advanced as a further proof, if one is needed, for more functions being taken 
over by the neocortex from the basal regions. It may not be out of place to 
mention here that, although both obesity and cachexia are seen in clinical 
cases with damage to the hypothalamic region, both hyperphagia and anorexia 
are also often reported as post-operative reactions to lobotomy, in which no 
damage has been done to the hypothalamic region. 

The neural mechanism regulating feeding, therefore, appears to be based 
upon feeding reflexes, which are selectively facilitated or inhibited by higher 
centres. These have definitely been located in the hypothalamic region, and 
also may be present higher up. Confirmatory evidence in support of this 
concept of the hypothalamic centres being the facilitatory and inhibitory 
mechanisms for the feeding reflexes has been obtained by studying the feeding 
responses, as well as by some biochemical studies, in cats after stimulation of 
different hypothalamic regions by means of implanted electrodes. These 
results are being presented elsewhere (Anand & Dua, 1955). 


SUMMARY 
1. Bilateral electrolytic lesions were produced in different hypothalamic 


regions in sixteen cats and seventeen monkeys to study the results of these 


lesions on the feeding responses. 

2. Bilateral destruction of the lateral hypothalamus in the plane of the 
central part of the median eminence (same rostro-caudal plane as the ventro- 
medial nucleus) produced aphagia. 

3. Bilateral destruction of the medial hypothalamus in the region of the 
ventro-medial nucleus produced hyperphagia, provided the lateral hypothala- 
mus was intact. If the lateral hypothalamus is also destroyed, there is aphagia, 
in spite of the medial lesions. 

4. Lesions in other hypothalamic regions do not change the feeding response. 

5. The localization of a ‘feeding centre’ in the lateral hypothalamus and 
a ‘satiety centre’ in the medial hypothalamus, previously reported in the rat, 
is therefore established in cat and monkey. 

6.. Two monkeys, made aphagic by bilateral destruction of the ‘feeding 
centre’ would eat if the food was directly placed in their mouths. This difference 
may be due to a plylogenetically more highly evolved neocortex in monkeys as 
- compared with cats and rats. 
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7. The neural mechanism regulating feeding appears to be based upon 
feeding reflexes which are selectively facilitated or inhibited by higher 
centres. 


The authors thank Dr C. L. Birch for her help and guidance in writing this paper. 
This work was aided by a grant-in-aid from the Indian Council of Medical Research. Research 
equipment was supplied by the Rockefeller Foundation of New York. 
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HYPOTHALAMIC INVOLVEMENT IN THE PITUITARY 
ADRENO-CORTICAL RESPONSE 


By B. K. ANAND anp 8. DUA 


From the Department of Physiology, Lady Hardinge Medical College, 
New Delhi, India 


(Received 10 August 1954) 


There is now general agreement that the central nervous system, or, more 
_ particularly, the hypothalamus, is capable of stimulating the anterior pituitary 
gland to secrete adrenocorticotrophic hormone (ACTH) whenever the indi- 
vidual is exposed to a stressing agent. This ACTH, by its effect on the adrenal 
cortical secretion, brings about the adaptation of the body (general adaptation 
syndrome). On the other hand, there is no agreement concerning the location 
of the specific region, if any, in the hypothalamus or diencephalon which 
brings about the secretion of ACTH. Also it is not known whether this response 
is brought about by direct or indirect activation. 

Anand, Raghunath, Dua & Mohindra (1954) localized the hypothalamic 
centres in the rat which control the nervous phase of ACTH secretion in response 
to stress. This was done by determining the eosinopenic response to stress — 
stimuli before and after producing small electrolytic lesions in the hypothala- 
mus. These areas are located in the medial part of the anterior hypothalamus 
and the area just caudal to it, i.e. antero-medial part of the median eminence. 
de Groot & Harris (1950) and Porter (1953), however, by experiments on 
rabbits and cats respectively, localized the effective areas in the posterior part 
of the tuber cinereum and mammillary body. Studies of Hume and Witten- 
stein, reported by Hume (1952), in dogs, on the other hand, located this area 
in the anterior portion of the median eminence, but did not localize it more 
precisely. 

The present investigation was undertaken to determine the localization of 
this area in the cat by stimulation of the hypothalamus with implanted 
electrodes. The results have tended to confirm the previous observations, 
made as a result of ablation studies in the rat (Anand et al. 1954). 


METHODS 
Multilead electrodes were implanted in the different hypothalamic regions of fourteen cats, each 
animal having two sets of electrodes, one on each side. Under pentobarbitone anaesthesia and with 
aseptic precautions, the head of the animal was fixed in the Horsley-Clarke stereotaxi instrument, 
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and selected points on the skull trephined. Each needle electrode used consisted of four stainless- 
steel insulated wires, fixed together by Plexiglas. The uninsulated tips of these were spaced 2mm 
apart. These needle electrodes were directed to the desired depth in the hypothalamus through the 
trephine holes, and fixed in position by dental cement and sutures. Covered by polyethylene 
tubing and passing beneath the skin, the electrodes were brought to the surface through a small 
opening made at the posterior part of the neck.* The co-ordinates of the stereotaxic instrument 
for the hypothalamic regions had previously been worked out. 

Electrical excitation was begun about‘a week after the operation, and subsequently at intervals 
of about a week, in unanaesthetized animals. Stimulation was produced by a square-wave stimu- 
lator and in general the parameters used were: 5/sec; 0-2 msec pulse duration; 2 V. Stimulation 
was continued for 1 hr in each iristance. 

Eosinophil counts using the method of Randolph were made on freely flowing blood samples 
from the ear vein; (1) immediately before stimulation, (ii) immediately after 1 hr of stimulation, 
and (iii) 4 hr after the start of stimulation. 

Finally the animals were sacrificed and the exact position of electrodes confirmed histologically. 


RESULTS | 

The direct counting of eosinophils in the peripheral blood has been used as an 
index of the rate of secretion of adrenal cortical hormone. It has been shown 
by McDermott, Fry, Brobeck & Long (1950) that the eosinopenic response is 
at least as satisfactory an index of adrenal cortical secretion as the fall in 
ascorbic acid content of the adrenal. Although the specificity of eosinopenia 
as a test for increased adreno-cortical secretion has been questioned (Harris, 
1952), there is no more useful pilot method for acute studies in the cat (Porter, 
1953). Because of variations in the initial levels of eosinophils, the results are 
expressed in percentage of change, as it has been shown by McDermott et al. 
(1950) that it is statistically permissible to employ percentage as an accurate 
index of change. | 

On the basis of histological studies, the hypothalamic regions stimulated 
were divided into ten discrete areas (Fig. 1). The average changes in the 
circulating eosinophil count produced in response to stimulation of each area 
are shown in Fig. 2. These results clearly show that eosinopenia of an average 
of 25% or more is obtained only from stimulation of the medial parts of the 
anterior and middle hypothalamic regions (C and E, Fig. 1), i.e. the antero- 
medial part of the median eminence of the tuber cinereum. Stimulation of the 
other hypothalamic regions did not produce an average eosinopenia of more 
than 10%, except the lateral area in the mammillary region (J, Fig. 1) which 
gave an average of 12%. Stimulation of the lateral area in the posterior hypo- 
thalamic region (posterior part of the median eminence of the tuber cinereum) 
(H, Fig. 1), on the other hand, produced an increase of eosinophils, averaging 
about 10-14%. i 


* The details of the technique were very kindly taught to one of the authors (B.K.A.) by 
Dr José M R. Delgado of Yale University School of Medicine, U.S.A. 
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Fig. 1. Mid-sagittal truction of diencephalic region of cat, with transverse sections (Ito V) at 
levels indicated. A to J indicate the ten hypothalamic areas stimulated. AC, anterior commis- 
sure; MJ, massa intermedia of thalamus; OC, optic chiasma; MB, mammillary body; P, pons. 


—e of medial hypothalamic regen, Stimulation of lateral hypothalamic regions 


i 


™ 1 2 3 4 0 1 2 3 4 

Hours 
3 Fig. 2. Averages of changes in the circulating eosinophils, expressed as percentage of the initial 
levels, obtained by stimulation of the hypothalamic regions (A to J) indicated in Fig. 1. 


intimately concerned with the secretion of ACTH from the anterior pituitary 
} gland, and that the hypothalamic region involved in this is the medial part 
of the anterior and middle hypothalamic regions (antero-medial regions of the 
median eminence of tuber cinereum). These data are in agreement with our 
previously reported findings (Anand ef al. 1954) that the stress-induced eosino- 
penia disappears after lesions in this region. 

Hume (1952) also reported eosinopenia by remote control stimulation of the 
| anterior hypothalamus in unanaesthetized dogs. These areas were not precisely 


DISCUSSION 
‘ The results of these experiments clearly show that the hypothalamus is 
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localized. de Groot & Harris (1950), on the other hand, using remote control 
stimulation of the hypothalamus of rabbits, obtained lymphopenia from the 
posterior tuber cinereum and mammillary body. Porter (1953) also obtained 
eosinopenia by exploratory stimulation of tuberal and mammillary areas in 
anaesthetized cats, which was greatest when the mammillary bodies were stimu- 
lated. Stimulation of the mammillary and posterior tuberal regions in the 
present study did not produce any marked eosinopenia (Fig. 2). Stimulating 
the lateral area in the mammillary region did produce eosinopenia which was 
slightly more pronounced than from some other hypothalamic regions, but 
much less than that resulting from stimulation:-of the antero-medial regions. 
Even in the anterior and middle hypothalamus itis only the medial parts which 
appear to take part in the control of ACTH secretion and not the lateral parts. 

Stimulation of lateral parts of the posterior hypothalamic (posterior tuberal) 
regions produced an increase in the number of circulating eosinophils, instead 
of eosinopenia. This may be due to a sympathetic effect causing contractions 
of the spleen (McDermott et al. 1950). 


SUMMARY 


1. Various hypothalamic regions were stimulated in unanaesthetized cats 
by means of permanently implanted multilead electrodes, and the number of 
circulating eosinophils determined. 

2. After stimulating the medial part of the anterior and middle hypo- 
thalamic regions (antero-medial region of the median eminence of tuber 
cinereum), the average reduction in eosinophil count was 25% or more of the 
original level. It is therefore assumed that these hypothalamic regions are 
concerned with ACTH secretion. 

3. Very slight eosinopenia resulted from stimulation of the other hypo- 
thalamic regions, including the mammillary regions. 

4. Stimulation of the lateral part of the posterior tuberal region produced 
an increase in the number of circulating eosinophils, probably due to sympa- 
thetic effect. 


Grateful acknowledgement is made to Mrs Kate Shoenberg for preparing the brains for micro- 
scopic study. Research equipment was supplied by the Rockefeller Foundation of New York. 


REFERENCES 

ANAND, B. K., P., Dua, 8. & Mommpra, 8. (1954). thalamic control of the 
pituitary adreno-cortical response to stress stimuli. Indian ce . Res, 42, 231-248. 

DE Groot, J. & Harris, G. W. (1950). Hypothalamic control of the anterior llaitaey gland and 
blood lymphocytes. J. Physiol. 111, 335-346. 

Harris, G. W. (1952). The hypothalamus and regulation of ACTH secretion. In Adrenal Cortex. 
Transactions of the Third Conference, p. 54. New York: Josiah Macy Jr. Foundation. 

Hume, D. M. (1952). The relationship of the hypothalamus to the pituitary secretion of ACTH. In 
Ciba Foundation Colloquia on plaartackai vol. 4, pp. 87~102. London: Churchill. 

McDERmort, Ww. Vv. , Fry, E. G., Brosxck, J. R. & Lona, C. N. H. (1950). Mechanism of contro! 

of a p hormone. Yale J. Biol. Med. 23, 52-66. 


Porter, R. W. (1953). Hypothalamic involvement in the pita adreno-cortical response to 
stress stimuli. Amer. J. Physiol. 172, 515-519. ited 


4 
} 
>| 
be 
thd 
a 
Re. 
wa 
B U 
wi 
~ ti 
ex 
ig 
e 
a 
q 
3 ha 
| 
hoe: th 
8p 
4 
tis 
J 
. 
"5 
lin 
an 
D 
CO} 
a4 


157 
J. Physiol. (1955) 127, 157-167 


THE VENTILATION FLOW-RESISTANCE AND COMPLIANCE | 
OF RAT LUNGS 


By L. E. MOUNT | 
From the Institute of Animal Physiology, Babraham, Cambridge 


(Received 13 August 1954) 


Bayliss & Robertson (1939) recorded pressure-volume diagrams of cat lungs 
whilst the volume of the lungs was varied sinusoidally; the diagrams were 


’ analysed to give information about elastic and flow-resistance factors in rela- 


tion to the frequency of cyclical variation in lung volume. The results of these 
experiments indicated the presence in the lungs of a large ‘structure viscance’ 
in addition to ‘air viscance’ and ‘elastance’ components. Dog lungs were 
examined later in a similar manner by Dean & Visscher (1941), and subse- 
quently the method of the cyclical pressure-volume diagram and its derivatives 
have been applied to human lungs by a number of workers (Otis, Fenn & Rahn, 
1950; Dubois & Ross, 1951; Dornhorst & Leathart, 1952; McIlroy & Christie, _ 
1952; Mead & Whittenberger, 1953). 

This way of investigating the behaviour of the lungs permits an analysis of 
the forces acting during ventilation into those on the one hand which are re- 
sponsible for the production of gas-flow and tissue deformation, and those on 
the other which are related to the elastic properties of the lungs. Consequently 
this method of approach promises greater precision in allocating to the various 
tissues of the lungs the parts played in determining the overall response to _ 
inspiratory and expiratory forces, as opposed to assessments of ‘bronchocon- 
striction’ and ‘bronchodilatation’ in terms of tidal air or tracheal pressure 
variations without regard for phase relationships between these two quantities. 

The present work extends the methods used by Bayliss & Robertson to the 
lungs of the rat with observations over an increased frequency range. A pre- 
liminary account has already been given (Mount, 1954). The stroke volumes 
and central frequency used have had values appropriate to the rat and of the 
same order as those determined by Guyton (1947), McCutcheon (1951) and 
Davis & Morris (1953). 

Bayliss & Robertson introduced the terms ‘air viscance’, ‘structure vis- 
cance’ and ‘elastance’; although they are very convenient, it is felt that their 
connotation may not always be clear since ‘viscance’ implies only viscous 
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resistance and is not therefore altogether suitable for the description of the 
change in resistance brought about by variation in gas density alone. Con- 
sequently, in these experiments on rat lungs, the term ‘ventilation flow- 
resistance’ is adopted to describe the overall pressure/flow relation, and further 
divided into ‘ pas-flow-resistance and ‘tissue deformation resistance’. Re- 
coverable elastic deformation is described in terms of ‘compliance’, with the 
dimensions of volume/pressure. 


METHODS 

Albino male rats (weight range 250-370 g) were anaesthetized with urethane intraperitoneally 
(1:3 g/kg), and a tightly fitting thin-walled metal cannula inserted in the trachea; thus the internal 
diameter of the cannula closely approached that of the trachea. Connexion was made to a respira- 
tion pump (Daly, 1937) suitable for small animals, fitted with overflow devices which controlled 
the inspiratory and expiratory pressures to which the lungs were exposed. Inflation pressures were 
in the range 5-10 cm water, and the lungs were allowed to deflate with their own elastic recoil 
against a pressure of 2 cm water, so that complete collapse never occurred in the rat with open 
chest. 


The chest was opened widely by a mid-line incision, the phrenic nerves were cut, and the 
paralysed diaphragm was retracted caudally. In this way lung movements were made as free as 
possible of interference from the chest wall, and pressure measured in the trachea represented 
pressure across the lungs only. The animal was kept in a tant-t ature chamber, open to 
the atmosphere, at 34° C. In order to record pressure-volume diagrams at given stroke volumes 
and frequencies, the lungs were put into communication with a sinusoidal pump for several cycles 
at the end of an expiration. They then formed part of a closed system in which the pressure was 
measured with a capacitance manometer operating with the circuit designed by Baxter (1950). 
The output of the manometer circuit was impressed on the y-axis of an oscilloscope, and arranged 
to be linear with pressure over the working range used. The sinusoidal variation in lung volume 
was recorded directly as a varying voltage from the piston of the sinusoidal pump, and this voltage 
was impressed on the x-axis; in this way instantaneous values of the pressure-volume co-ordinates 
were obtained on the oscilloscope, and the resulting figure was photographed. 

Fig. 1 demonstrates the type of pressure-volume diagram found for the lungs. If the lungs were 
a purely elastic system this diagram would take the form of a line rising diagonally and retracing its 
course, since pressure would always be in phase with piston displacement; with the introduction 
of a flow-resistance, a finite area would be enclosed by an elliptical trace, owing to the appearance 
of a flow pressure 90° out of phase with piston displacement. The area so represented has the 
dimensions of work; it increases as resistance increases, and its measurement gives net work per 
cycle which is indicative of the flow-resistance in the system. The difference between the pressures 


obtaining at top and bottom of the pump stroke, when the piston is momentarily stationary and - 


there is no gas-flow in the trachea, is reciprocally related to the effective compliance of the system 
as measured at a given frequency. A part of the total observed pressure, when the flow is recipro- 
cating, will be due to the acceleration of the gas when its flow is reversed, and will depend on gas 
density. This inertial pressure will be 180° out of phase with the displacement of the piston, and 
will affect the measurement of compliance pressure, which is in phase with piston displacement. 
The compliance pressure as measured will therefore represent the true compliance pressure minus 
the inertial pressure, The inertial pressure does not affect work/cycle, since the pressure deter- 
mining work/cycle is 90° out of phase with piston displacement, and in phase with piston velocity. 
However, there are other secondary effects of gas density which will affect work/cycle, and these 
will be termed ‘kinetic energy losses’, to distinguish them from inertial pressure. Kinetic energy 
losses arise from the changes in gas velocity which occur when the total cross-sectional area of the 
airways changes; these appear as part of the pressure producing flow and consequently are 


3 
inc 
effe 
vol 
fere 
SU 
4 the 
4 alt 
a 
we 
oft 
* 
| 
2 
3 tr 
re 
Of 
4 
: 


RESISTANCE AND COMPLIANCE OF LUNGS 159 


included in the estimate of work/cycle. There may also be transient conditions of turbulence at 
discontinuities in the airways. Reduction of gas density decreases these kinetic energy losses, an 
effect which is described later. os 
Pressure-volume diagrams were recorded at frequencies up to 365 per minute, and at stroke 
volumes between l and 2ml. The diagrams were photographed at selected frequencies taken in a dif- 
ferent order through the frequency range in each series of observations on the same preparation; _ 
usually four observations were made at each frequency in each experiment. The trace obtained on 
the oscilloscope was stable over several cycles, and the elliptical type of figure was always produced, 
although sometimes the inspiratory and expiratory components were unequal in area. Between 
each recording with the sinusoidal pump the lungs were returned to the respiration pump for 
several minutes, and this treatment maintained the rat throughout the experiment. Observations 
were also made with helium or hydrogen as the ventilating gas in addition to air; the whole system 


} was flushed out with the corresponding gas before recordings began. 


e 


Fig. 1. A characteristic pressure-volume diagram for rat lungs. Pressure on the ordinate, volume 
on the abscissa; volume variation indicated by the horizontal line below the diagram. The 
values of AC and BD on the ordinate give compliance pressure and flow-resistance pressure 
respectively; these ordinate values may be positioned on the x-axis of an oscilloscope for 
direct reading, as shown on the right of the figure, by appropriate contacts on the sinusoidal 
pump wheel. (Rat 22; stroke volume = 1:35 ml.) 


The net resistance offered by the lungs to sinusoidal variation in volume was indicated by the 
area of the photographed pressure-volume diagram, measured with a planimeter on the magnified 
tracing of the projected film image. The compliance pressure was measured directly in each case. 

In some experiments, the pressure overcoming flow-resistance and the compliance pressure were 
recorded directly on the oscilloscope, by contacts on the wheel driving the sinusoidal pump. The 
two pressures obtaining at instants of maximum rate of piston movement on the up and down 
strokes, that is, half-way through each stroke, were displayed at one point on the z-axis of the 
oscilloscope, and the two pressures obtaining at instants of piston reversal, that is, at top and 
bottom dead centres, were displayed at another point on the z-axis. The two vertical intervals 
recorded on the y-axis then corresponded to the flow-resistance pressure and compliance pressure 
respectively. Fig. 1 illustrates the relationship between this method of recording and the pressure- 
volume diagram. The resistance and compliance values were positioned on the z-axis by suitable 
steady voltages applied to the appropriate contacts. 
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Some of the errors involved in pressure-volume recording from the lungs arise from the following : 

(1) Inertial forces, dependent on the mass of the ventilating gas and the lungs and the frequency ; 
these require a small correction (inertial pressure) applied to the compliance pressure. 

(2) The gas-flow-resistance of the cannula used, which may be corrected for. 

(3) Compression of the gas in the closed system giving rise to volume change: since the overall 
pressure change involved was of the order of 5 om water, any correction necessary for compression 
would b~ within the limits of error of the method set by the thickness of the oscilloscope trace 
and the «ccuracy of area measurement from a projected image. 

(4) The possibility that there may be thermo-elastic effects in the gas of the closed system due 
to imperfect thermal equalization between the gas and the surroundings during compression and 
expansion. Such effects would show as work/cycle since they would result from imperfectly 
adiabatic changes in volume, and would consequently give rise to spurious values for lung flow- 
resistance. They may be demonstrated easily with compression and expansion of gas in a glass 
flask where the volume/surface-area ratio and poorly conducting vessel wall favour inefficient 
thermal equalization. The effect would be expected to vary with the density of the gas, which 
determines diffusion rate and consequently convective heat exchange, and with frequency, which 
determines the time available for the exchange. No thermo-elastic effect in the gas has been 
demonstrated with the apparatus used in these experiments when tested with metal bellows or 
rubber balloons with volume, resistance and compliance characteristics of the same order as rat 
lungs. Further, thermal equalization would be expected to be good in the lungs owing to the large 
surface for heat exchange in relation to gas volume, and there is no reason to suppose that condi- 
tions in these experiments were other than isothermal, particularly since that part of the volume 
' of the closed system outside the lungs was made as small as possible by keeping the pump and 

manometer connexions short. 


RESULTS 


‘Measurements have been made of flow-resistance and compliance both on 
simple models and on rat lungs, recording either the complete pressure-volume 
diagram or the flow-resistance and compliance pressures directly by the pump 
wheel contact method outlined. 

Model experiments. The models used consisted of glass tubes as flow-resis- 
tances and metal bellows or rubber balloons as compliances in series. In these 
models work/cycle comprises work done in overcoming viscous resistance 
. to gas-flow and the kinetic energy losses due to variations in diameter intro- 
duced by connexions; consequently, when air is the working gas, the curve 
relating work/cycle to frequency (Fig. 2) is slightly convex to the frequency 
axis since the kinetic energy losses increase approximately as the square of the 
frequency, which, at constant stroke volume, determines the mean gas-flow 
velocity at any instant in the cycle. When helium is the working gas, owing to 
its lower density the departure from linearity at the higher frequencies is less 
marked. It should be noted that with both air and helium work/cycle falls 
uniformly with frequency to the origin. 

A similar relation is found between flow-resistance pressure (Pp) and fre- 
quency ; this is to be expected if the shape of the pressure-volume diagram is 
regular, since the area of the diagram, giving work/cycle, is determined by P;, 
and the stroke volume. Pp, is twice the pressure required to produce the maxi- 
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mum flow-rate reached in the cycle in either direction; the maximum flow-rate 
is given by 2nQ, where n=frequency, and Q=half the stroke volume. 

The tubes used in the models were chosen so that at the maximum flow-rate 
observed the value of Reynolds’s number was well below the level at which 
turbulence would be expected. Thus the flow-resistance offered by the models 
may be expressed from the ohmic comparison as P,,/2Q, where @ is the maxi- 
mum rate of flow in either direction. When allowance is made for the effects 
of gas density on kinetic energy losses, this expression of flow-resistance 


remains constant at all the frequencies examined, since then the pressure- 


flow and work/cycle-frequency relations are rectilinear. 
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Frequency (cycles/min) 
Fig. 2. Values of work/cycle obtained at selected ventilation frequencies for a simple series tube 
and bellows (crosses), and for the lungs, with the circulation intact (closed circles), and after 
exsanguination (open circles), (Rat 22; stroke volume = 1-35 ml.) 


The compliance pressure (Py) as measured on the models, either from the 
pressure-volume diagram or directly using pump wheel contacts, tends to fall 
slightly with rise in frequency, as may be expected from the increase in inertial — 
effects as frequency rises. When allowance is made for the effects of inertia, by 
calculating the equivalent pressure operating on the column of gas in the model 
at instants of maximum acceleration, which occur at reversals of piston move- 
ment, or when corrections are estimated by using gases of different densities, 
P. remains constant over the frequency range used. This is in accordance with 
the elastic properties of the model compliances employed. | 

Lungs. Fig. 2 illustrates the typical relation found between work/cycle and 


frequency for rat lungs in the open-chest preparation, ventilated with air. The 
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lungs have been examined both with the circulation intact and after exsan- 
guination; exsanguination was effected by cutting the heart across at the base 
and allowing the blood to drain from the lungs. In both cases the preparation 
was maintained in the constant-temperature chamber. After exsanguination, 
work/cycle at the higher frequencies was usually lower than was the case with 
the circulation intact, as shown in Fig. 2, but the outstanding feature of both 
series of values is the way in which they remain comparatively high as frequency 
falls towards zero. 

The flow-resistance offered by the lungs was also estimated by the direct 
recording of P;, by the pump wheel contact method. The variation of P, with 
frequency has followed a pattern similar to that obtaining for the variation of 
work/cycle with frequency. If the flow-resistance is again expressed as the 
pressure-flow ratio, P,,/2Q, it is apparent that the lungs are unlike the simple 
models previously described in that this expression of flow-resistance does not 
remain constant at all the frequencies examined, but falls progressively as 
frequency rises. 

The compliance pressure, P,, for the lungs was measured either from the 
pressure-volume diagram or directly, as with the models. As frequency rises 
Po increases slowly, both for exsanguinated lungs and for lungs with the cir- 
culation intact. 

In an attempt to determine the relative contributions to flow-resistance of 
gas-flow-resistance and possible tissue deformation resistance, exsanguinated 
rat lungs were ventilated with helium and hydrogen in addition to air. Fig. 3 
illustrates the results obtained in a typical experiment where these gases were 
used. In relation to air, helium has a slightly higher viscosity but a markedly 
lower density; hydrogen has a viscosity of less than half that of helium, and 


a lower density. The physical effect of the change from air to helium as the — 


ventilating gas is mainly to decrease the density; the change from helium to 
hydrogen is mainly a decrease in gas viscosity, since the air-helium density 
change is so much greater than the helium-hydrogen density change. At the 
higher frequencies used, decreases in gas density and viscosity both produce a 
fall in work/cycle; the decrease in gas density would diminish the kinetic energy 
losses previously mentioned and leave a greater part of the gas-flow work, as 
distinct from total work/cycle, to be determined by viscous forces. At the 


lower frequencies, changes of gas density and viscosity have very little effect 
on the total work/cycle. 


DISCUSSION 


Under the conditions of these experiments, rat lungs have not behaved like 
a simple resistance-compliance system, since work/cycle and P, have not 
fallen uniformly with frequency but show high values as frequency decreases, 
in some cases increasing as frequency falls. It was of interest to try to deter- 
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mine whether this non-linearity, particularly these high values at low fre- 
quencies, was related to gas-flow or not, and consequently gas-flow-resistance 
was varied ‘with helium and hydrogen. The marked decrease in gas density 
represented by using helium in place of air as the ventilating gas results in 
a fall in work/cycle at higher frequencies which is presumably related to 
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Frequency (cycles/min) 
Fig. 3. Work/cycle for exsanguinated rat lungs ventilated with different gases at four frequencies: 
22, 60, 138 and 265/min. Closed circles, air; open circles, helium ; crosses, hydrogen. (Rat 26; 
stroke volume = 1-1 ml.) 


decreased kinetic energy losses; the change from helium to hydrogen repre- 
sents a much smaller density decrease, and is presumably accompanied by 
a much smaller diminution in kinetic energy losses, but this change involves 
a reduction of gas viscosity to a value less than half the viscosity of helium, 
and this would appear to account for the second decrease in work/cycle at 
higher frequencies which occurs when hydrogen is substituted for helium 
(Fig. 3). 

Thus it would seem that a very large part of the total work/cycle found for 
the lungs at the higher frequencies used is due to gas-flow, and if the density 
and viscosity of the ventilating gas were reduced to zero, so that gas-flow work 
would vanish, there would be a small residual component of work/cycle. How- 
ever, at the lower frequencies, changes in gas-flow-resistance brought about 
by varying the density and viscosity of the ventilating gas have little influence 
on total work/cycle; it would seem that if gas density and viscosity were 


reduced to zero there would be a large residual component of work/cycle at the 
| 11-2 
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lower frequencies not accounted for by gas-flow work. This may be related to 
the observation made by Bayliss & Robertson (1939) that there was a ‘vis- 
cance’ component in cat lungs which was little affected by frequency change. 
These authors were working over the frequency range 9-36 cycles/min, and 
they concluded that at these frequencies the ratio of ‘structure viscance’ to 
‘air viscance’ was approximately 3:1; this is in accordance with the results 
obtained here on the rat, where the proportion of total work/cycle appearing 
as gas-flow work is frequency-dependent, and is smaller at the lower frequencies. 

Some of the limitations of the usefulness of results obtained with different 
gases are set by the possible effects these gases may have on tissues in the lung, 
notably muscle, and in the consequent changes which could occur in the air- 
ways and possibly also in the tissue deformation resistance, thereby invali- 
dating comparisons made between measurements on the same lungs with 
different gases if the comparisons are made only in terms of physical changes 
In the ventilating gas. In these experiments, any direct effect of helium and 
hydrogen on the tissues of exsanguinated lungs would not appear to be marked. 
The compliance pressure is little affected by gas variation; further, lungs with 
the circulation intact have been ventilated with helium and 20% oxygen, and 
the results obtained have been intermediate between those on air and those on 
helium alone; the shifts in work/cycle found could be accounted for on physical 
grounds. Thus, provided that the precision of the physical results obtained in 
such experiments is not applied indiscriminately to the lungs, observations 
with different gases would appear to be useful in examining the nature of 
ventilation resistance. 


It becomes necessary to account for the non-linear relation found between 


work/cycle and frequency, particularly for the comparatively large values of 
work/cycle found at the lower frequencies and little influenced by changes in 
gas density and viscosity. In addition, any description of the flow-resistance 
and compliance of the lungs must take account of the rise in compliance pres- 
sure with rise in frequency, and be in accordance with the known structure of 
the lungs. : 

- The form which ventilation resistance and compliance factors may take i in 
the lungs is suggested by the time-course of the pressure change in the trachea 
when the lungs are suddenly inflated. The pressure at the end of a rapid infla- 
tion is higher than the final value; the pressure falls rapidly at first, then pro- 
gressively more slowly, to reach an asymptotic level. That this is probably not 
a thermal effect in the gas is shown by substituting bellows for the lungs: the 
final pressure in the bellows is reached almost immediately arte the inflatory 
stroke. 

A model which describes this behaviour on the part of the lungs is shown in 
both its mechanical and electrical forms in Fig. 4. R, is the gas-flow-resistance, 
and (C, is the initial effective compliance of the lungs. C, R, is in parallel with 
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C',, and is such that R,> R, and C,<C,. The observations made on rat lungs 
under the conditions of the experiments discussed previously are described by 
the model if R, is designated as a resistance which is independent of changes 
in gas-flow-resistance brought about by varying gas density and viscosity. The 
value of R, is dependent on such gas variations. (C,+(,) spent the final 
effective compliance of the lungs. 

The equations relating work/cycle, flow-resistance pressure 
pressure to frequency for this model show that work/cycle comprises two com- 
ponents, one dependent on R, and increasing linearly with frequency, and the 
other dependent on R,, Cy and C,; this second component rises from zero to 
a high value at a relatively low frequency, and then falls as the frequency 


Fig. 4. Models which describe the behaviour of rat lungs. R, and R, are flow-resistances, C’, and 
C, are compliances or capacities. In the mechanical model, R, isa liquid-flow-resistance which 
is therefore independent of variation in gas-flow-resistance; R, is determined by the physical 


properties of the gas used. | 


increases. For such a model as the one described, the experimental deter- 
mination of total work/cycle is in accordance with the equations, and varia- 
tions in R, produce variations in work/cycle similar to those found with the 
lungs when the density and viscosity of the ventilating gas are varied. In the 
mechanical model, the R, work/cycle component does not vary with frequency 
in a precisely linear fashion, as may be expected from kinetic energy losses due 
to the density of the gas. 

In the model, as in the lungs, the flow-resistance pressure varies with fre- 
quency in the same way as work/cycle. The compliance pressure for this model 
increases slowly with frequency, a relation confirmed by experiment and 
similar to that found for the lungs. 

It should be emphasized that this model is proposed only as the simplest 
description which can be found of the experimental observations made on the 
lungs. In order to explain similar findings on cat lungs, Bayliss & Robertson 
(1939) suggested that the lungs incorporated a non-ohmic resistance; the two 
resistances in the present model are both ohmic, and contribute to an adequate 
description of lung behaviour if kinetic energy losses due to discontinuities in 
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the airways are neglected. In relation to lung structure it is witeinlad that R, 
describes gas-flow-resistance in lung airways, and that R, describes tissue 
deformation resistance in the lung structure. Inflation of the lungs requires 
work to be done in gas-flow through the lung airways; the pressure gradient 
across the lungs is increased by inflation, and this operates to extend the lung 
tissue to the limits of deformation corresponding with the pressure obtaining. 
From this model description, part of the elastic element (C,) of the lungs is in 
_ series with a tissue resistance to change in length (R,) which confers time- 
_ dependency on the elastic properties, and which would account for the non- 
linear work/ oycle-frequency relationship and the rise in seg pressure 
with frequency. 
SUMMARY 

1. The ventilation flow-resistance of the lungs in the open-chest rat has been 
indicated by work/cycle values given by pressure-volume diagrams recorded 
during sinusoidal variations in lung volume of 1-2 ml. at frequencies up to 
365/min. 

2. The relation between work/cycle and frequency is non-linear. : 

3. Ventilation with helium and hydrogen shows a relatively large com- 
ponent of work/cycle at the lower frequencies which may be associated with 
tissue deformation resistance. 

4. Lung compliance is indicated by the difference between pressures 
measured at instants of no —: in the trachea. The compliance romare 
increases slowly with frequency. 

5. The results are discussed in relation to a model which has characteristics 
similar to those of the lungs. 


I am grateful to Dr I. de Burgh Daly, who introduced me to this problem, and to Dr L. E. Bayliss 
for their interest in this work and their helpful suggestions, and to Miss C. O. Hebb for reading the 
typescript. I wish to express my thanks to Mr J. Lucas for technical assistance. 
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THE MECHANISM OF AFTER-BURSTS IN CEREBRAL 
CORTEX 


By B. DELISLE BURNS ~ 
From the Department of Physiology, McGill University, Montreal, Canada 


(Received 30 August 1954) 


In a previous paper, a particular form of periodic, ‘spontaneous’ neural 
activity was described, which can be seen in slabs of isolated and unanaesthe- 
tized cerebral cortex (Burns, 19546). The most convenient way of creating 
a focus of origin for this type of spontaneous activity is to give the cortical 
surface a few strong electrical stimuli, following which a series of ‘discrete 
after-bursts occurs which may continue for as long as 1 hr; each burst in the 
series has all the properties of the surface-positive response to a single electrical 
stimulus (Burns, 1951). The factors which contribute to the formation of a 
focus for such after-bursts were investigated and it was concluded that: 

(a) Each discharge of the cells in the network which conducts the surface- 
positive response (type-B cells, Burns & Grafstein, 1952) whether ‘driven’ or 
spontaneous, makes their further spontaneous discharge more probable. 

(6) The ‘spontaneous’ firing of the type-B cells which follows a period of 
conditioning stimulation is due to different rates of recovery of resting mem- 
brane potential at the two ends of the cell, such that the deep ends of these 
neurones repolarize more slowly than do their superficial extremities. 

It was assumed that, during recovery from a series of stimuli, current would 
flow between the superficial and deep ends of the neurones which had been 
excited; if this current flow were to exceed a certain threshold, some of the 
cells would be expected to discharge spontaneously. Moreover, if an after- 
burst occurred then the recovery process would be set back and the whole 
cycle of events might be repeated. 

It has already been pointed out that the assumptions outlined above seem 
to offer a satisfactory qualitative explanation of the experimental results that 
have been described. For such a theory to be acceptable, however, it must go 
some way towards accounting for those quantitative statements which can at 
present be made about this form of spontaneous activity. It was, therefore, 
the intention of the argument and experiments reported below, to test the 
‘implications of these assumptions in greater detail. 
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METHODS 


| The methods used in the experiments with cats which are described were those outlined in 
publication (Burns, 19545). 


RESULTS 
The construction of a model neurone 
The argument that follows is an attempt to make the hypothesis of neural 
activity, which has been described above, a little more precise. It is recognized 
that the assumptions made provide a picture of neural mechanism which is 
much too simple to be true. But, when more is known about the factors con- 
trolling membrane potential in the soma and dendrites of the type-B cortical 
neurones, it should be possible to fit the true relevant parameters into the 
general pattern of the argument presented here. 


The nerve cell is assumed to be arbitrarily divided into two portions, a super- . .-- -- 


ficial and a deep-lying part with the same resting membrane potential V,, but 
with different rates of depolarization and recovery such that the time-courses 
of all processes for the deep end of the neurone are comparatively slow. The 
neurone membrane is assumed to produce both action potential and negative 
after-potential so that recovery of resting membrane potential occurs in two 
phases, a rapid and a comparatively slow phase. It has already been found 
necessary to assume that the rapid phase of activity involves the deep end of 
these neurones for longer than the superficial end, in order to explain the 
surface-positivity during a burst response to stimulation (Burns, 1951). The 
argument here is, however, concerned mainly with the slower phase of the 
recovery of resting membrane potential. It is assumed that this phase of 
recovery follows an exponential time-course between the membrane potential 
V, found at the ‘end’ of the rapid phase of recovery, and V,. If the neurone 
is re-excited at some time before repolarization to V, has been completed, then 
the value of membrane potential at the end of the second discharge is reduced 
still further to V,< V,. Thus each discharge of the neurone may depress the 
value of V, progressively. At the end of a series of driven discharges both 
superficial and deep ends of the active neurones will begin the process of slow 
repolarization to V, at different rates. Fig. 1 shows schematically the way in 
which a difference of potential between the two ends of the nerve cell will 
develop gradually, reach a peak and then decline. 

The behaviour of this simple hypothetical neurone under varying conditions 
of stimulation and excitability is tedious to calculate. Fortunately, it is easy 
to construct an electronic circuit whose behaviour is controlled by similar 
parameters. In the circuit shown in Fig. 2a the potential V will be V, in the 
resting condition and is regarded as analogous to the membrane potential of 
a nerve cell. Imagine that the switch S is operated cyclically so that it is thrown 
over to position 6 a number of times at a fixed frequency, but wastes no time 
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between positions a and b. Then the potential V will decrease with successive 
closures of the switch to reach a new value. It is assumed that the time taken 
for the discharge of C, is short in comparison with the time spent by the switch 
in position 6 so that with each closure of the switch, the charge of C, is com- 
pletely removed. In fact C, and R, are only inserted in the circuit to provide 
changes of V analogous to the rapid phase of an action potential. It has already 
been pointed out that we are here primarily concerned with the relatively slow 
negative after-potential which will be dictated by the slow recharge of C, 
through R, and R,. Therefore it is assumed that C,<C, and C,R,<C,R,. 


Time 
| 


Fig. 1. Diagram drawn to illustrate the way in which different time constants for the repolariza- 
tion processes at the two extremities of a neurone may lead to current flow between the two 
ends during recovery from activity. 


_ Fig. 26 shows two such circuits linked by a voltmeter. It is supposed that 
the two switches S are ganged. After a period of n cycles of operation of these 
switches, V,, and v, will return along exponential time-courses towards V». The 
voltmeter is supposed to be coupled to the switches in such a way that if V —v 
exceeds a threshold value V,, both switches are driven through one cycle of opera- 
tion, and make contact with positions b once more. Thus the switches having 
been driven externally through a number of cycles may now close spontaneously 
several times before the resting condition of the circuit is restored. 

Fig. 3 gives the wiring diagram of a model neurone built of two thyratrons. 
This was constructed as a simple working version of the equivalent hypo- 
thetical circuits of Fig. 2. In the resting condition the two cathode biases are 
adjusted so that neither valve firesspontaneously. The cathode bias of each valve 
is then determined by the anode potential of the other, so that if either valve 
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e Fig. 2. Hypothetical circuits used to illustrate the assumed properties 
_ of type-B cortical neurones. For details see text. 
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is discharged the other must fire, provided that the resting cathode biases have 
not been made too great, The condensers across the cathode load were inserted 
in order to introduce a measurable conduction time from one end of the neurone 
to the other. The condensers C, and C, were made variable so that the time- 
constants of discharge and recovery for the two ends of the model neurone 
could be made the same or different. The model has been constructed to operate 
on @ time scale some ten times faster than the biological events which it 
imitates in order to avoid the use of very large condensers. 

Some general properties of the model neurone of Fig. 3 are as follows: 

(1) The resting values of V and v (the ‘membrane potentials’ of the two ends 
of the cell) are equal to Vy (V,>=approximately 100 V). 

(2) Excitation of either end of the neurone re input 1 or 2) leads to 
discharge of both thyratrons. 

(3) The response of the circuit hase an all-or-nothing relation to the 
strength of stimuli applied to the grids. __ 

(4) The model has both a relative and an absolute refractory period. 

(5) If V—v exceeds a threshold value (determined by the cathode resistors) 
the circuit will fire. | 

The last point can be demonstrated by short-circuiting V temporarily, after 
which the model neurone gives a prolonged ‘injury discharge’. : 


Experiments with a single thyratron neurone 

When C,=c, and C,=c,, the time constants of discharge and recovery are 
equal for both ends of the circuit. Under these circumstances the model has 
many of the properties of peripheral nerve or skeletal muscle fibre. Fig. 4a 
_ and b shows records of the resporises of the model to single stimuli given to each 
end of the circuit in turn. The record shows the time-course of the potential 
difference between anodes (v—V); in this and all subsequent records, when 
(v—V) is positive, an upward deflexion of the record is obtained. It can be 
shown thatif the cathode biases are increased, which decreases the excitability of 
the model, conduction velocity from one end of the neurone to the other is 
decreased. Provided comparable time constants for both ends of this circuit 
are thesame, a period of repeated stimulation can never produce after-discharges. 

When C,>c, the behaviour of the model in response to a-single stimulus is 
much more complicated. For the records of Fig. 5, C,/e,=C,/c,=5. The 
bipolar records of Fig. 5a, b show that the sign of the first deflexion is depen- 
dent upon the end of the circuit which is stimulated. But after the initial wave 
of excitation has invaded the neurone, its subsequent behaviour is largely 
independent of the site of stimulation. The end (valve 1) with the longer time 
constants fires once and then recovers resting potential relatively slowly, while 
the other end (valve 2) discharges a number of times depending upon the local 
excitability, or the magnitude of its cathode load (Fig. 5a, c). 
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+ Valve 2 


+—> 


Valve 1 


Fig. 4. The responses of the model neurone to single stimuli when comparable time constants for 
the two ends of the circuit are the same. C,/c;=C,/c,=1 (Fig. 3). a, stimulation through 
input | (Fig. 3). 6, stimulation through input 2 (Fig. 3). Accidental differences between the | 
two ends of the circuit are responsible for the asymmetry of the records. — 


_ and recharge are greater for V, than for V,. C,/c,=C,/c, =5 (Fig. 3). a, stimulation of valve 1. - 
b, stimulation of valve 2 under identical conditions. c, stimulation of valve 1 when cathode . 


load of valve 2 is increased so as to increase its grid bias and decrease its excitability. 


The properties of a network of model neurones 

Responses to a single stimulus. The properties of a single model neurone of 
this sort are more relevant to the behaviour of cortical neurones during an 
epileptiform or paroxysmal after-discharge; a preliminary report on this sub- 
ject has already been published (Burns, 19542), while a more detailed inter- 
pretation of paroxysmal after-discharges will appear later. A model for the 
surface-positive after-bursts in isolated cortex must provide at least two model 
nerve-cells of the type described, since the protracted nature of the burst 
response is due to a process of self-re-excitation occurring in a network of 
type-B neurones. For this reason two thyratron neurones were joined together 
in such @ way that excitation of either was transmitted with a delay to the 
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other; this miniature network will, when excited at any point, discharge 
repetitively until, like its biological counterpart, the refractory period of the 


system exceeds the circuit time. In fact the second neurone to which that of — 


Fig. 3 was coupled consisted of a circuit identical to the left-hand half (valve 1) 
of Fig. 3. The coupling time constants were such as to give a circuit time for 
self-re-excitation of about 10 msec. 

In Fig. 6 are shown responses of the model neurone when coupled to a neigh- 
bour in the way described. For the following experiments C,/c,=C,/c,=10. 
A single stimulus to either end of the model caused five discharges of V, before 
self-re-excitation failed. Each discharge of V, is accompanied by several dis- 
charges of V,, which we should expect from the experiments of Fig. 5. The 
burst responses recorded in Fig. 6 can be described as occurring in three phases, 
indicated in Fig. 6c. The first phase is one of relative mean negativity of the 
anode of valve 1, which for convenience will be referred to as the ‘lower end’ 
of the model neurone. This is clearly due to the fact that C,>c, which makes 
the rapid phase of ‘repolarization’ of the lower end of the neurone take longer 
than does the same phase at the other end. The mean difference of potential 
between the two ends of the neurone during the burst response obviously 
depends upon two factors: 

(a) The relative rates of the rapid phases of repolarization following dis- 
charge at each end of the neurone. 

(6) The relative frequencies with which the two ends of the r neurone dis- 
charge, which in the experiment of Fig. 6 were in the ratio of 4: 1 for upper: lower 
ends. 

The second phase of the potential changes i in Fig. 6 is one in which the lower 
end of the model neurone becomes positive relative to the upper end. This 
potential difference can easily be shown to depend upon the fact that the upper 
end of the neurone discharges more frequently than does the lower end during 
the burst response. Fig. 7a~-c shows burst responses in which the excitability 
of valve 2 was successively decreased (by progressive increase of its cathode 
resistor) so that the number of discharges of valve 2 during the burst was less in 
Fig. 76 than in Fig. 7a and less in Fig. 7c than in Fig. 76. It will be seen that 
there is a progressive increase in phase 1 and progressive decrease in phase 2 of 
the recorded potential. Moreover, it can be shown with the model neurone 
that as the burst response is shortened by decreasing the excitability of the 
reciprocating neurone (valve 3, Fig. 3), phase 2 of the neue declines 
(Fig. 74). 

Phase 3 of the potential changes of Fig. 6 is rere due to the fact that 
C, > c,. The effects of this phase on the behaviour of the model will be discussed 
in a later section where the responses to repeated stimuli are considered. 

The single surface-positive burst response of the cat’s cortex. Experiments with 
the model neurone suggest that during a surface-positive response the super- 
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se | ficial extremities of the type-B cells should fire more frequently than their deep 
1e | or somatic ends. As a result of earlier experiments it was concluded that the 
of | mean discharge frequency of these cells was about 60/sec (Burns, 1951). This 
1) conclusion was reached after examination of records taken from leads on the 
or brain’s surface. Records from metal- or saline-filled micro-electrodes with their 

tips lying close to the somata of type-B cells (Burns, 1954) give quite another 
| 
0. 
re 
he 
8, 
he 
es 
er 
al 
ly 
Stim. 
. Valve 1 Valve 3 
Fig. 6. The responses of one of a pair of model neurones to single stimuli recorded in various ways. 

's- C,/¢,=C,/cg=10. (Fig. 3). a, the response recorded undistorted. 6, the same response 
: recorded with the high frequency discharge of V, attenuated. c, the same as in b but on a 
we slower time scale to show potential changes following the burst response. The amplification 

is increased between a and b and between b and c, 
Lis | 
er 
ng a b 
ty 
de 
in 
at 
of | 
ne 
he 
ed Fig. 7. The effect of variation in the excitabilities of valves 2 and 3 (Fig. 3) on the potentials 

during and after a burst response of two linked model neurones. The excitability of valve 2 of 
th the ‘left-hand neurone’ is progressively decreased in records a, b and c. In record d the 
t _ excitability of the left-hand neurone is as in a, but the excitability of the right-hand neurone 
is decreased. | 


4 


176 B. DELISLE BURNS | 


impression. The data for Fig. 8 were taken from an experiment in which 
potentials were recorded during the burst response between a deep micro- 
electrode and a surface lead immediately above. Such records are of a rela- 
tively slowly oscillating potential change with the spike discharge superimposed 
upon it. Measurements (made from records of a number of bursts recorded 
from a single animal) of the time interval (t) between all successive maxima of 
the slow oscillatory potential provided a curve relating frequency of activity 
(1/t) to the probability of its occurrence. The most probable frequency of the 
slow potential fluctuations was found to be 75/sec with a sharp fall of prob- 
ability for frequencies greater or smaller than ys (Fig. 86). Analysis of the 
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0-2} Repetitive discharge 


a 20 30 4 50 100 200 400 
Frequency per sec 
Fig. 8. The probabilities of various spike and slow-wave frequencies, 
during a surface-positive burst response in the cat. 


frequency response of the spike discharges recorded at the same time showed 
the most probable frequency of spikes to be about 140/sec; there was a marked 
fall in probability for frequencies less than 140/sec, and a very slow fall for 
frequencies above this value up to 400/sec (Fig. 8a). Although all the available 
evidence suggests that the surface-positive response is the result of activity in 
only one type of cell-population the frequency data show that the most 
common event is for one slow potential oscillation of each cell to be accom- 
panied by several spike discharges. These observations are consistent with the 
hypothesis made at the beginning of this paper, and deductions from this 
hypothesis made with the model neurone would lead us to expect two frequency 
components to the burst response, the one initiated by the upper end of the 
type-B neurones, the other due to the deep end (soma). During the burst 
response of the model network both the lower end and the upper end of the 


@ HR & 


—= 


al ‘ 
a 
q 
( 
+ 
t 
i 
b 
‘ 
= 
ig 
\ 


MECHANISM OF AFTER-BURSTS 177 


-model nerve cells discharge completely but at different frequencies. The 


records obtained with a micro-electrode from cats only show that cyclical 


activity of type-B neurones is occurring at two mean frequencies; there is no 
indication that the relatively slow oscillatory potential represents a complete 


_ discharge of the somata of these neurones. The greater part of the slow poten- 


tial waves that are recorded may be a contribution from synaptic potentials 
(Eccles, 1953) similar to that postulated by Li & Jasper (1953) in their dis- 
cussion of unit activity within the intact cerebral cortex. 

So far as the phases of potential change deseribed in Fig. 6 are concerned, 
the burst response of the model neurone imitates potential changes during and 
after the burst response of the cat’s cortex in all its phases. Fig, 9 shows 
responses obtained from the model and from the cat which have been scaled 
with respect to time to look as nearly identical as possible. In the cat, however, 
phase 3 of the potential changes is too small to be detected after a single burst 
response. Only following several driven responses does phase 3 become large 
enough to be recorded (Fig. 10a). Moreover, in the cat the deep after-positivity 
(phase 2 of the potential changes) which follows a single burst response increases 
with increase of burst duration as it does in the case of the model neurone 
network (Fig. 7). 

Responses of the model neurones to repetitive stimulation when C, > cy (Fig. 3). 
As would be expected, repeated excitation of the model neurones at compara- 
tively low frequencies can lead to a series of after-bursts, whose duration 
depends upon the initial excitabilities of the circuit (the resting grid potentials). 
It is phase 3 of the potentials described in Fig. 6 which is responsible for this 
series of spontaneous bursts of activity. This phase of the potential changes 
which follow the burst response depends upon C, being larger than c,; the fact 
that the lower end of the model neurones (valve 1) repolarizes slower than does 
the upper end may cause excitation to spread from the more rapidly polarizing 
end (valve 2) and thus trigger a burst response from the miniature network of 
neurones, Fig. 106 shows the potential changes recorded as usual from one of 
the model neurones during and after a short series of stimuli. At the beginning 
of the period of stimulation, between the burst responses the lower end of the 
model. neurone (valve 1) becomes relatively positive to the upper end. This 
positivity declines as stimulation is continued and may reverse so that towards 
the end of the series of stimuli, between bursts the lower end becomes negative 
to the upper. Whatever the relative potentials of the two ends of the circuit 
at the end of stimulation, after the last driven burst, relative negativity of the 
lower end (valve 1) increases with a time-course dependent upon the ratio 
C',:¢,. If the relative negativity of the lower end reaches a certain level 
a spontaneous after-burst occurs; following this after-burst the recovery process 
is set back a step, begins again and, in the same manner, may lead to another 
spontaneous burst (Fig. 10c). The same series of potential changes can be 
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Fig. 9. To show the similarity between the burst responses of the cat’s cerebral cortex and the 
model neurones. a, record of the response to a single stimulus of the cat’s isolated cerebral 
cortex. 6, the response of one of a pair of linked model neurones to a single stimulus. 


Fig. 10. Records of slow potential during and after repeated stimulation. a, recorded from the 
cat in response to 10 stimuli at 3 sec intervals. The recording electrodes were 10 mm from the 
stimulated point and consisted of a non-polarizable wick electrode on the brain’s surface and 
a deep micro-saline electrode 1-5 mm beneath. b and c, the responses of one of a pair of model 
neurones to 5 and 7 stimuli respectively, recorded as in Fig. 6c. 
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- demonstrated in the cat’s cortex (Fig. 10a)—the deep positivity between the 
driven bursts and the deep negativity which follows the series of conditioning 
stimuli and which may, if great enough, be accompanied by after-bursts (Burns, 
1954). The record of radial potential changes in the cat (Fig. 10a) was obtained 
from a cortical point far from the stimulating electrodes. In this way one can 
be sure that the potential changes recorded are due to the type-B cells alone, | 
whereas near the stimulated point many other types of cell must be excited by 
the stimulating current. 

If the excitabilities of the valves of the model were made great, then a few 
stimuli were sufficient to set the circuit into an infinite series of spontaneous 
bursts, although in the earlier resting state the circuit had been quite stable. 
But if the various excitabilities were reduced somewhat, then the relations 
between the parameters of stimulation and the number of after-bursts pro- 
duced were very similar to those already described for after-bursts in the cat’s 
isolated cortex (Burns, 19546). In Fig. 11 are shown the relations between 
stimulus strength, number of stimuli, frequency of stimuli and number of 
after-bursts produced in the model neurones. These curves are similar in form 
to those already determined for the cat’s brain (Burns, 19545). The first part 
of the curves, relating number of stimuli or strength of stimuli to number of 
after-bursts, are approximately linear for both model and cat. With a fixed 
number of conditioning stimuli in the case of both cat and model there is an 
optimal frequency of stimulation for the production of after-bursts which is 
approximately the reciprocal of the duration of the burst response to a single 
stimulus (Fig. lle). At frequencies of stimulation in excess of the optimum, 
the model network, like its feline counterpart, does not respond | to every 
stimulus with a burst response (Burns, 19545). 

-In the cat, a series of after-bursts frequently starts after a latent period which 
is often longer than the intervals of time between the first few after-bursts. The 
same phenomenon can be seen with the model neurones where the latency of 
the first after-burst is clearly due to the time taken for the relative negativity 
of the lower end of the circuit (valve 1) to build up to the threshold value at 
which valve 2 ig triggered and the first burst response is caused (Fig. 10c). The 
time required for threshold potential to be reached depends upon the level of 
potential found at the end of the last driven burst in the conditioning series. 
When the end of the period of conditioning stimulation leaves the lower ends 
of the neurones relatively positive, there is a long latency; a lesser degree of 
deep-positivity at the end of conditioning leads to relatively short latencies 
before after-bursts begin. 

Estimation of the time constants of repolarization in the cat. Most phenomena 
in the cat that lend themselves to quantitative study are not dependent on the 
relative rates of repolarization of the two ends of the neurones alone; they will 


also depend upon the relative excitabilities of the membrane at each end of the 
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cell. The information provided in Fig. 8 suggests that, on the average, a type-B 
neurone discharges 4 or 5 times for each depolarization of its somatic end. 
Valve 2 of the model neurone will discharge 4 or 5 times more frequently than 
valve 1 (see Fig. 5) if C,/c, is of the order of 10. It seems probable then that the 
ratio of the time constants for the rapid phase of repolarization of the two ends 
of type-B cells is also of this order. 
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20 + 10 
a 
10+ 5 
10 15 20 25 15 
Strength 18 stim. to V; No. of stimuli to V; 
40 #00 No: after-bursts 8 
Cat o—o 
46 
45 
34 
43 
10 42 
os 19 15 20 25 
Frequency of stimuli 


Fig. 11. The relations between the parameters of stimulation and the number of after-bursts in 
the network of model neurones. a, the number of after-bursts produced by 18 stimuli (at 
a frequency of 0-26 sec") of varying strength (volts). b, the number of after-bursts produced 
by various numbers of stimuli of constant strength and frequency 0-1 sec~!. c, the number of 
after-bursts produced by 20 stimuli of varying frequency in the model-neurone network. The 
open circles give the same relations for the cat’s type-B neurones. In both cases time is 
measured in units of burst duration. | 


A rough estimate can be made of the absolute values of the relatively slow 
time constants of repolarization in the cat’s type-B neurones. After a number 
of conditioning stimuli, the lower ends of the type-B neurones slowly develop 
a transient negativity in relation to the superficial ends. We have supposed 
that when no after-bursts occur this after-potential (P) runs a time course 


form: 
of the form P=P,—P,= Be- 


where A and B are constants which determine the value of Py, the potential 
gradient found immediately after the last driven burst. The values of A and B 
will be dependent upon the number, frequency and magnitude of the condi- 
tioning stimuli. a and 6 are the time constants of the slow phase of repolariza- 
tion for the deep and superficial ends of the type-B cells, respectively. It is 
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_ supposed that the values of a and b are altered relatively little by the nature 


of the conditioning stimulation. The equation for P implies that provided 


a> b, the terminal portion of the graph relating In P to ¢ should be rectilinear 
(see Fig. 12a). By extrapolation of the rectilinear part of this curve back 


_ towards t=0we should obtain the line (line 2 of Fig. 12a) In P, =In A ~t/a from 


which a value for a can be estimated. A plot of In (P,—P)=In P,=In B—t/b 
provides an estimate of b (see Fig. 126). This procedure was checked with data 
from the model neurone network and found to give correct values for a and b. 
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Fig. 12. Graphical determination of the repolarization rates for the upper and lower ends of 
type-B neurones. a, the points plotted represent measurements of radial potential (arbitrary 
units) at various times after the end of the last of 10 responses to stimulation in the cat. 
The measurements are from the record of Fig. 10a. Lines 1 and 2 were fitted to the experi- 
mental data by eye and describe P =f (t). Line 2 is of the form In P,=In A -t/a. b, a plot 
of In (P, - P) measured from Fig. 12a. The line drawn by eye is of form In (P,; —- P) =In B -t/b. 
See text for further explanation. In this experiment a=110 sec, b = 14-5 sec. 3 


Such an analysis can be made of the radial potential changes between 
a superficial and deep electrode recorded from the cat’s cortex (Fig, 10a) after 
a number of conditioning stimuli has been given, and is shown in Fig. 12. In 
this case, the pair of electrodes used for recording the radial potential gradient 
were placed remote from the stimulated point in order to ensure that the 
potential changes recorded were due only to type-B cells. (Close to the stimu- 
lated point, many other cell systems must be excited together with the type-B 
cells), Fig. 12@ shows the results of such an experiment. From such experi- 
ments it was concluded that a was of the order of 100 sec-! and 6 was approxi- 
mately 15 sec. Thus in the cat it appears that the upper end of the type-B 
neurones repolarizes some 7 times faster than does the lower extremity, during 
the final stage of repolarization. 
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DISCUSSION 


The experiments described in this paper were undertaken in order to define the 
implications of a hypothesis concerning the function of some neurones in the 
cerebral cortex. It had been suggested that the known properties of type-B 
cells of the cat’s cerebral cortex (Burns & Grafstein, 1952) could be explained 
if it were assumed that the deeper or somatic end of each neurone of the network 
repolarized after activity more slowly than did the pial extremity (Burns, 
19546). The repolarization of both ends of the neurone was supposed to occur 
in two phases, a rapid and a relatively slow phase, both of which followed 
a logarithmic time course. The time constants of all processes of discharge and 
-Techarge were assumed to be slower for the lower end of the neurones than for 
the upper end, | 

It would certainly prove impossible with contemporary techniques to test 
these assumptions directly. It is difficult enough to insert an intracellular 
electrode into the soma of any cortical neurone on account of the mobility of 
the brain, but there is no hope at all of getting such an electrode into the 
dendritic ramifications of such cells. Consequently the validity of the hypo- 
thesis must be judged on its ability to explain or predict other details of the 
behaviour of type-B cells. With this in mind, an electronic model neurone was 
constructed and given parameters governing its behaviour similar té those 
assumed for these cells in the cat’s cortex. The fact that such a model behaves 
in a manner which is qualitatively similar to the behaviour of type-B neurones 
is, of course, in no way a logical justification for adoption of the hypothesis. 
The model was, after all, constructed to specifications which ‘forced’ it 
to behave rather like a,neurone. The model neurone should properly be 
regarded as a calculating machine which allows one to estimate rapidly and 
painlessly some of the more detailed implications of the simple assump- 
tions about biological function which have been incorporated in its structure. 


Tests with this model have shown that the hypothesis provides an adequate . 


and semi-quantitative explanation of the following properties of type-B 
cells: 

(1) The burst response to a single stimulus (involving a period of repetitive 
discharge due to a process of self-re-excitation within the cell network) is one 
in which the cortical surface becomes positive to inactive areas. 

(2) During the burst response a relatively slowly changing and oscillatory 
potential with a mean frequency of about 75/sec can be recorded, although the 


most probable frequency of discharge of the individual type-B cell is around — 


140/sec and many cells can be found discharging at higher frequencies up to 
400/sec. 


(3) At the end of the single burst response, recovering cortex becomes tem- — 


porarily surface-negative. 
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(4) This surface-negativity then degenerates slowly and is ultimately replaced 
by a just measurable surface-positivity. } 

(5) Repeated stimulation producing a series of driven burst responses may 
lead to the occurrence of a series of spontaneous after-bursts, the generation “ 
which depends upon: 

(6) The development after stimulation of a relative mean negativity of the 
deeper end of the type-B cells. 

(7) During the initial stage of repeated stimulation at relatively high fre- 
_ quencies ( > 0-3 sec~*) the deep ends of these cells become positive to the super- 
ficial ends between the driven bursts. 

(8) Short periods of relatively high frequency stimulation can lead to a series 
of after-bursts which begins after a latent period which sometimes exceeds the 
interval between the first few bursts in the series. 

(9) The general form of the relation between the parameters of conditioning 
stimulation and the number of after-bursts produced can be predicted. 

All of those properties of the type-B cell network which have so far been 
studied can be predicted by argument from the hypothesis made at the begin- 
ning of this paper. Moreover, the assumptions made enable one to offer a sim- 
_ple explanation of the observed phenomena. It seems reasonable to conclude 
therefore that after each discharge of the type-B neurones the somatic end of 
the cell with its dendritic ramifications repolarizes much more slowly than does 
the process which extends towards the brain’s surface. It is not possible at 
present to make this statement much more precise. The experiments reported 
above do, however, give some idea of the order of magnitude of the recovery 
rates involved in repolarization. After each discharge of a type-B cell it seems 
that the first phase of recovery toward resting membrane potential takes place 
some 10 times more rapidly at the superficial end of the neurone than at the 
deeper end. The second phase of recovery occurs with time constants of the 
order of 15 sec-? and 100 sec for the upper and lower ends of the neurone 
respectively. 

An after-discharge may be broadly defined as a repetitive response to 
a single stimulus. After-discharges have been observed in many other parts of 
the central and peripheral nervous systems, and it seems reasonable to ask 
whether the presence of different repolarization rates for different parts of the 
same electrically excitable cell may not offer an explanation in some of these 
cases. The repetitive after-discharge of eserinized skeletal muscle fibres in 
response to a single motor-nerve volley is clearly due to the abnormal persis- 
tence of liberated acetylcholine (Brown, Dale & Feldberg, 1936). The somewhat 
similar after-discharge of skeletal muscle in the initial stage of exposure to 
decamethonium iodide is caused by the inability of the end-plate membrane to 
repolarize fully (Burns & Paton, 1951). Both these examples of after-discharge 
in the peripheral nervous system could be regarded as extreme cases of differen- 
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tial repolarization, in which the end-plate region is prevented from repolarizing 
_ as rapidly as does the neighbouring membrane of the muscle fibre. The well- 
known after-discharges demonstrable in practically all the electrically excitable 
cells of the peripheral nervous system in the presence of veratrine (Krayer & 
Acheson, 1946) are of particular interest. It has been shown repeatedly 
(Graham & Gasser, 1931; Feng 1941; Kuffler, 1945) that veratrine prolongs and 
exaggerates the negative after-potential of peripheral nerve and of skeletal 
muscle fibres. This fact implies that veratrine slows the recovery of resting 


membrane potential after an action potential in these tissues. Moreover, it has . 


been shown (Wible, 1924) that the application of the alkaloid to one part only 
of a stretch of nerve or muscle fibre will cause an after-discharge in response to 
a single stimulus delivered to the untreated part of the cells. In these circum- 
stances repolarization of the veratrinized area must occur much more slowly 
than does repolarization in the neighbouring normal tissue, and the nerve or 
muscle cells may imitate on a faster time-scale events in type-B cells of the 
cerebral cortex. This differential repolarization rate of locally veratrinized cells 
must contribute to their tendency to after-discharge, although it is probably 
not the only significant mechanism. Peripheral nerve which has been uniformly 
soaked in solutions of veratrine will also give after-discharges in response to 
single stimuli (Feng, 1941) and unless it is assumed that the veratrine does not 
obtain equal access to all parts of the nerve fibre, the mechanism of differential 
repolarization cannot contribute to the after-discharge. It would be interesting 
to know whether the local application of veratrine was more effective in 
producing after-discharges than was complete and prolonged immersion of 
a nerve trunk in a veratrine solution of the same concentration. 
After-discharges occurring as a part of spinal reflexes have usually been 
explained by using the hypothesis of self-re-excitation (Forbes, Davis & Lam- 
bert, 1930; Lorente de N6, 1933). No very convincing proof has ever been 
given of the functional existence of self-re-exciting chains of neurones in the 
cord, but there seems little reason to doubt the validity of this assumption. 
Although differential repolarization rates may be a property of interneurones, 
there is certainly no reason to believe that the soma of the anterior horn cell 
repolarizes much more slowly than does its axon (Brock, Coombs & Eccles, 
1952). In the presence of strychnine, however, the behaviour of the moto- 
neurone is quite different and it seems that differential repolarization may play 
an important part in the maintenance of after-discharges. Brooks & Fuortes 
(1952) found that the proximal end of apparently resting ventral roots became 
negative to the distal parts in the presence of strychnine. They believed that 
depolarization of the anterior horn cell soma was one of the actions of this drug. 
On the other hand, Bremer (1953) reports that strychnine increases and pro- 
longs the ventral root potential. He found that the discharge rhythm of the 
anterior horn cells could be ‘reset’ by an interpolated stimulus, that it could be 
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_ slowed. or stopped by anelectrotonus of the cord and could be augmented by 
_calelectrotonus (Bremer, 1941). It looks as though much of the behaviour of 


motor-nuclei under the influence of strychnine could be explained by assuming 
that the drug delays the repolarization of the anterior horn cell soma. 

In the case of the superior cervical ganglion, the after-discharges produced 
by high-frequency preganglionic stimulation cannot depend upon self-re-ex- 
citing chains of neurones (Bronk, 1939). It is difficult to believe that these 
after-discharges lasting some 20sec are maintained by the persistence of 
acetylcholine, since a low frequency of postganglionic discharge maintained by 
perfusing the ganglion with weak acetylcholine solution is temporarily stopped 
by a burst of tetanic stimulation of the preganglionic trunk. MacIntosh & 
Emmelin (personal communication), using contraction of the nictitating mem- 
brane as a measure of postganglionic discharge from the eserinized ganglion, 
found after-discharges in some preparations lasting 10 min. Following the 
period of tetanic stimulation of the preganglionic trunk there is a latent period 
after which the contraction of the test muscle builds up to a maximum. The 
contraction of the nictitating membrane was due to ganglionic activity since 
cooling of the postganglionic trunk abolished the after-discharge. The after- 
discharge was unaffected by an injection of p-tubocurarine subsequent to the 
conditioning tetanus and therefore could not have been maintained by the 
persistence of acetylcholine. It seems possible that this particular form of 
after-discharge may be due to differential repolarization rates for the soma and 
axon of the postganglionic neurones. It would be interesting to know the 
effects upon these after-discharges of polarizing currents. 

The paroxysmal after-discharges which follow repeated and strong stimula- 
tion of the cerebral cortex (Adrian, 1936) are almost certainly maintained by 
differéntial repolarization rates of the excited cells (Burns, 1954a). They 
usually begin after a latent period of inactivity following the conditioning 
stimuli. They are accompanied by a relatively persistent surface-positivity at 
the focus of origin (Goldring & O’Leary, 1950) and can be stopped by surface- 
negative polarization. Surface-positive polarization can create a focus for 
paroxysmal discharge. A more detailed investigation of this form of after- 
discharge will be reported at a later date. 

While there is not much direct evidence to suggest that differential re- | 
polarization plays an important part in physiological processes outside the 
brain, its existence in the cerebral cortex raises interesting questions in relation 
to the problem of the spontaneous activity of cortical cells. It has frequently 
been suggested that some cells in the cerebral cortex can discharge spon- 
taneously without being driven by afferent impulses (Gerard, 1936; Bremer, 
1949). Experiments with neurologically isolated cortex do not provide a clear 
answer to this problem. Activity has been reported in the acute and chronically 


_ isolated cortex of both man and animals (Kristiansen.& Courtois, 1949; Echlin, 
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Arnett & Zoll, 1952; Henry & Scoville, 1952). The activity usually takes the 
form of bursts which look very similar to the surface-positive bursts described 
by Burns (1951, 19546). The existence of ‘normal rhythms’ of exceptionally 
low voltage described by Kristiansen & Courtois is more doubtful; it is very 
difficult to be sure that these potential fluctuations are not picked up by the 
recording electrodes from sources outside the isolated area. In our own acute 
experiments, exploration with a micro-electrode has never revealed discharge of 
any units within the unstimulated isolated grey matter, other than the activity 
of type-B cells when they are involved in after-bursts. Unfortunately, the 
traumatic effects of the surgery used to isolate an area of cortex cannot be 
estimated and no conclusive arguments about spontaneous activity can be 
built on the available evidence. In the undisturbed brain type-B cells may have 
the power of spontaneous discharge, and the lack of truly spontaneous dis- 
charge seen in our own experiments may be the unwanted consequence of the 
necessary manipulation of the brain. Whatever are the properties of these cells 
in the undisturbed state we can state with confidence that in the resting state 
they lie close to the margin of instability. Moreover, if a group of these cells 
discharges once then it is very liable to discharge a second time. It is easy to 
set the excitabilities of the linked model neurones to such a value that although 
the system is perfectly stable, one or a few stimuli will set the model network 
into an endless series of after-bursts. If spontaneous discharge is the ultimate 
fate of an undisturbed type-B cell, deprived of all afferent stimulation, then 
the mechanism of differential repolarization that has been described must be 
responsible for the maintenance of subsequent spontaneous activity. We halve 
no evidence that any other cell system in isolated cerebral cortex can so easily 
be brought into an unstable state. 

The network of type-B cells that has been described clearly provides a system 


by which a few biological stimuli arriving at any given point in the cerebral | 


cortex can effect the excitability of cells at any other remote point within the 
system for a period of many minutes. Many neurophysiologists have sought 
mechanisms that might play a part in elementary learning phenomena, in the 
study of similar long-lasting facilitations. Although facilitation may play an 
important role in the initial stages of development of some more permanent 
change in the central nervous system, those forms of facilitation so far studied 
have always seemed disappointingly transient. Adrian (1936), speaking of the 
facilitations of paroxysmal or epileptiform after-bursts said ‘There is no evi- 
dence that they can ever become complex enough or permanent enough to be 
the basis of a learnt reaction’. The relatively unstable cell system described in 
this and previous papers can theoretically be set into perpetual activity, but the 
mechanisms involved make the activity itself unstable and any factors which 
interrupt activity will cause the permanent dissolution of any pre-existing 
pattern of excitability within the network of type-B cells. 
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SUMMARY 


1. It has been proposed (Burns, 19546) that the ‘spontaneous’ firing (or 
series of after-bursts) of type-B cells in isolated cerebral cortex of the cat, 
which follows a period of conditioning stimulation, is due to different rates of 
recovery of resting membrane potential at the two ends of the cell, such that 
the deep ends of these neurones repolarize more apie than do their superficial 
extremities. 

2. The implications of these assumptions have been tested in as quantita- 
tive a fashion as possible. 

3. For this purpose experiments were carried out with an electronic calcu- 
lating machine or network of model neurones constructed to the specifications 
of the hypothesis. 

4. The behaviour of the model network ee, similar to that of type-B 
neurones in the cat, in every way that has been tested. 


This work was entirely supported by a grant from the National Research Council of Canada for 
which the author wishes to express his thanks. The author is also indebted to Dr A. 8. V. Burgen 
with whom he had many useful discussions. 
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THE SITE OF ELECTRICAL EXCITATION OF THE 
HUMAN EYE 


By G. 8. BRINDLEY 


From the R.A.F. Institute of Aviation Medicine, 
Farnborough, Hants 


(Received 2 September 1954) 


The sensations of light (phosphenes) produced by electric currents passed 
between one electrode on the upper or lower eyelid or the forehead and another 
remote from the eyes have been investigated many times, and many attempts 
made to identify the structures electrically stimulated. That these are within 
the eye, at least for near-threshold excitation, is proved by the fact that the 
threshold is very much raised by blinding the eye nearer to the electrode by 
pressure (Finkelstein, 1894; Cords, 1907; Barlow, Kohn & Walsh, 1947; 

Howarth, 1954). Concerning which structures within the eye may be stimulated, 
widely differing conclusions have been reached, but none based on absolutely 
compelling evidence. Bogoslowski (1944) has reviewed the earlier arguments in 
detail. Since this review, Bogoslowski & Ségal (1947), from observations of 
the spatial distribution of phosphenes and from electrical resistance measure- 
ments on excised horse eyes, have inferred that the “‘phosphéne bref para- 
liminaire’ at the making or breaking of a steady current is entirely due to 
stimulation of optic nerve fibres, at the disk in the case of the temporal part of 
the phosphene, which they found (1947a) to be independent of electrode 
position, and on the surface of the retina in the case of those parts of the 
phosphene which move when the electrode is moved. The “phosphénes toni- 
ques aux fortes intensités’, lasting from 1 to 30sec after making a steady 
current, and including inhibitory as well as excitatory effects, théy attributed 
to stimulation of radially disposed elements in the retina. 

For the present experiments, electrodes were designed to be placed directly 
on the anaesthetized conjunctiva, fitting it closely. With these, types of current 
distribution within the eye were obtained which could not be achieved with 
electrodes outside the lids; and the nature of these current distributions could 
be inferred with fair accuracy, and correlated with the spatial distributions of 
the phosphenes obtained. It will be argued that the correlations found, to- 
gether with the results of further experiments on pressure-blinding, provide 
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strong evidence that all the electrical phosphenes obtained in the wide range of 
conditions of the present experiments are due to stimulation of the retina by 
currents flowing perpendicularly to its surface, and in no case to stimulation 
of the extraocular or intraocular parts of optic nerve fibres. 


METHODS 
Electrodes 


The types of conjunctival electrode used are illustrated in Fig. 1, and the anatomical relation of 
type B to the eye in Fig. 2. All the electrodes were shaped on their concave side to fit closely a 
sphere of 25-4 mm diameter, and were insulated on their convex side. 


Fig. 1 Fig. 2 | 
Fig. 1. The conjunctival electrodes, In types A and B the metal surfaces making contact with the 
conjunctiva were circular segments of a sphere, in types C and D cylindrical wires bent into 
arcs of circles, and projecting slightly from the spherical concave surface of the insulator 
(paraffin wax). The right-hand diagrams show the electrodes in transverse section in their 
approximate anatomical relation to a conventional eye. In an experiment the eyelids 
would be much more retracted than those shown. 


Fig. 2. Tracing of an X-ray photograph of electrode B in position. LZ =left zygoma, LC =left 
coronoid process of mandible, P=hard palate, 28 =right lower 3rd molar. 


State of light adaptation of the eye 
All thresholds were measured with the eye in darkness, but adapted to about 5 foot-lamberts, 
i.e. within 2 min of extinguishing the light which provided this illumination. All the phenomena 
described in this paper could be seen with the light-adapted eye in darkness, but it was often 
easier to examine and record them in the presence of some light. No attempt was made to investi- 
gate the dark-adapted eye, since anaesthesia (two lamellae of cocaine hydrochloride, each of 3-2 mg) 
lasted only about 20 min, and light was required to insert and manipulate the electrodes. 
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Plotting of phosphenes 
For Fig. 3 phosphenes were plotted directly with a self-recording perimeter. The subject moved 
the test-object of the perimeter by hand until it coincided with the phosphene, then signalled to an 
assistant, who operated the recording mechanism. For Figs. 4-7 the phosphenes were drawn in 
pencil by the subject on the inside of a hemispherical bow! of 28 cm diameter, to which the elec- 
trode was rigidly attached, so that the subject’s eye was at the centre. The — were after- 
wards measured and replotted on an ordinary perimeter chart. 


Electrical equipment and measurements 

Short pulses were obtained by charging a condenser of capacity 0-0089.F to a known potential 
and discharging it through the electrodes with or without series resistance, The interelectrode 
resistance varied in different experiments between 360 and 800, and series resistances of up to 
10°Q were used, so that the time-constant of the pulse was. between 3-2 and 890 «sec. 

Alternating current at 50 c/s was taken from a mains transformer and potentiometer. The series 
resistance used was usually 10*Q, and current was calculated from r.m.s. voltage applied and the 
sum of interelectrode and external series resistance. 

Direct current was taken from a high-tension battery and pitenbionacter, The series resistance 
used was usually 40,0002. 

Subjects 


The experimental programme was first planned and completely carried out with the author as 
subject, about fifteen experimental sessions being required for this, including confirmatory repeti- 
tions. Only once were two sessions attempted on the same day. At the end of this series, during 
which only one preliminary experimental session on another subject (P.H.) was undertaken, a 
draft account of the experiments and deductions was prepared, and was read by Squadron- 
Leader P. Howard and Flying-Officer J. Ernsting of this Institute, who kindly undertook to act as 
confirming subjects. The subsequent sessions (four with P.H., three with J.E.) were directed 
mainly at confirming carefully those specific points in the observations which are important for 
the deductions made from them. Where the confirming subjects are not referred to in the text, it 
can be assumed that the description is based mainly or wholly on the author’s observations. 


RESULTS 
I. Unipolar stimulation with a small electrode 
Stimulation with 0-025-0-7 mA r.m.s. current at 50 c/s between an indifferent 
electrode in the mouth and a small conjunctival electrode of type A caused a 
compact flickering phosphene of roughly 15° diameter obviously due to stimu- 
lation of the part of the retina immediately under the electrode, since it was 
referred to the opposite sector of the visual field, and moved in the expected 
way when the electrode was moved, not only from one meridian to another, but 
also backwards or forwards along the same meridian. This type of phosphene 
could be produced only in the periphery of the visual field, as was to be ex- 
pected owing to the inaccessibility of the posterior part of the eye. In Fig. 3 
are plotted the outer limit of the visual field of the author’s left eye for two 
sizes of test object and the inner limit of the region of field in which a localized 
phosphene could be produced with an electrode of type A. To attain this limit 
in any direction, the eye was deviated maximally away from the electrode, and 
the electrode pushed back as far as the conjunctival sac allowed. The outer 
limit of the region in which a localized phosphene could be produced was not 
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very well defined, but corresponded approximately to the outer limit of the 
visual field for the 23 mm test-object. : 

With stimulating currents from 0-03 to 0-06 mA r.m.s., only the compact 
phosphene opposite to the electrode was visible. Above 0-06 mA, flickering | 


light appeared in other parts of the field, and the whole impression became 
similar to that plotted in Fig. 5. | 


Fig. 3. Outer limits of visual field for 3 and 23 mm white test-objects at 330 mm distance, and 
inner limit of the region of field in which a localized phosphene could be produced with 
electrode A, 


Mp lbs 


Intense flickering phosphene 
Moderate flickering phosphene 
Faint flickering phosphene 
ie No phosphene 

Fig. 4 Fig. 5 


Fig. 4. Distribution of phosphene obtained in bipolar a.c. stimulation at 0-7 mA r.m.s. with 
electrode B. | 


Fig. 5. Distribution of phosphene obtained in unipolar a.c. stimulation at 0-7 mA r.m.s. with 
electrode B. Shading as in Fig. 4. 


II. Bipolar and unipolar stimulation with large concave disk electrodes 


(a) Alternating current. In Fig. 4 is plotted the phosphene seen when 0-7 mA 
r.m.8. current at 50 cycles was passed between the two components of the 
double electrode B, their relation to the eye being that illustrated in the X-ray 
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tracing, Fig. 2. Fig. 5 shows the phosphene for the same current passed between 
the upper component of electrode B and an indifferent electrode in the mouth. _ 
Holding the indifferent electrode in the hand instead of the mouth made no 
detectable difference to the phosphene at the same current strength. 

Threshold at 50 cycles for the light-adapted eye immediately after extin- 
guishing the light was about 0-018 mA r.m.s. (G.B.) and no consistent dif- 
ference was found between bipolar and unipolar stimulation. For J.E. the 
bipolar threshold was slightly lower than the unipolar (0-017 and 0-022 mA 
r.m.8.) and for P.H. slightly higher (0-022 and 0-019 mA r.m.s.). It seems 
unlikely that these differences are of any importance. Above threshold, on 
switching suddenly from bipolar to unipolar stimulation, there was no sub- 
stantial change in the brightness of the part of the phosphene related to the 
half of the electrode still in use. 

Rotating the electrode about its long axis (i.e, about the visual axis of the 
eye) caused the phosphene to rotate as a whole about the fixation point. With 
bipolar stimulation, every part of the phosphene rotated, without any change 
of shape or brightness. With unipolar stimulation, the phosphene rotated as a 
whole except for the bright ring corresponding to the margins of the blind spot, 


which remained fixed in position, but altered in brightness. 


With both these types of stimulation, there was a zone of the visual field com- 
pletely free from flicker even at the highest currents used (3 mA for G.B., 
2-5 mA for P.H., 1-0 mA for J.E.), although at these current strengths the 
parts of the field above and below the zone were very bright and very con- 
spicuously flickering. For G.B. the dark band was also free from light in both 
cases, i.e. the sensation from this part of the field was entirely unaffected by 
switching off the current. J. E. was satisfied that it was entirely free from light 
for bipolar stimulation, but was doubtful for unipolar. P.H. was sure that it 
was light-free for unipolar stimulation but equally sure that it was not for . 
bipolar’ though it was in both cases flicker-free). All observers agreed very 
closely on the position and shape of the dark bands. 

A dark zone of the type shown in Fig. 4 has not been described before, as 
was to be expected, since this type of current distribution has not previously 
been obtained. A dark zone similar to that of Fig. 5, but usually more peri- 
pheral, can be seen with a non-conjunctival electrode, and was observed by 
Purkinje (1823, pp. 50-4; 1825, pp. 43-7), who described in detail the way in 
which the dark zone could be made to move by moving the electrode, and noted 
that for a fixed electrode position its apparent position in space was indepen- 
dent of eye movement. 

The retina is approximately a segment of a spherical shell, having on its inside 
homogeneous vitreous humour of resistivity approximately 52Q cm (Hertel, 
1909) and on its outside nearly homogeneous sclera (whose resistivity can be 


estimated very roughly from the 50 c/s resistance between the components 
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of electrode B of 710Q2 as about 30002 cm, or from the measurements of 
Bogoslowski & Ségal (19475) on excised horse eyes as about 1000Q cm). 
For such a system there must, in bipolar stimulation of the eye with a sym- 
metrical pair of electrodes above and below, be a horizontal band (great circle) 
of the retina across which no radial current flows, and in unipolar stimulation 
a zone of no radial current somewhere, which, if the ‘indifferent’ electrode can 
be regarded as symmetrically diffuse, should be a circle centred on the con- 
junctival electrode. 

To these expected regions of zero radial current the observed regions of no 
phosphene correspond very satisfactorily, if it is assumed that the structures 
stimulated are the receptors themselves, or lie close to the receptors serving 
them, so that each element of the phosphene is seen in the same or nearly the 
same part of the visual field as light would be if it fell on the point of electrical 
stimulation; and the same hypothesis of stimulation of such structures by the 
radial component of the current explains very well the distribution of bright- 
ness of the phosphene, with the possible exception of the special phenomena at 
the blind spot and close to the fixation point. Whether any alternative or 
supplementary hypotheses are also consistent with the observations will be 
considered in the Discussion. | 

(6) Short condenser discharges and direct current. Stimulation through elec- 
trode B using single condenser discharges of time-constant 4-890yusec gave 
brief phosphenes which could not be distinguished in spatial distribution from 
those provoked by alternating current ; but because of their briefness it was much 
more difficult to observe the spatial distribution accurately. The thresholds 
for bipolar and unipolar stimulation were indistinguishable, both being from 
5 x to 7 x 10-8 coulomb (G.B.). | 

The central phosphene provoked by make or break of a direct current which 
_ should have crossed the fovea approximately tangentially has been described 
by Helmholtz (1896, p. 247) and Bogoslowski & Ségal (1947 6) for one electrode 
on an eyelid and the other remote from the eye. Their observations have been 
confirmed in bipolar stimulation with electrode B: the central phosphene at 
1 mA had the same shape as that shown in Fig. 4 for a.c. stimulation, but at 


make the half of it seen nearer the cathode was light and that nearer the anode — 


dark, and at break the reverse. The peripheral phosphenes seen with d.c. 
stimulation did not differ substantially in distribution from those seen with a.c. 
or with condenser discharges. | 


III. Special electrodes to test the sensitivity of the 
retina to current tangential to its surface 
The experiments with electrode B suggested that the sensitivity of the retina 
to current tangential to its surface was low. Electrodes C and D (Fig. 1) were 
designed to test this further by producing in a small region of the retina the 
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highest practicable tangential current density, either in the equatorial plane 
of the eye, i.e. approximately at right angles to the optic nerve fibres of the 
peripheral retina (electrode C), or anteroposteriorly, i.e. approximately in the 
direction of the optic nerve fibres (electrode D). The phosphenes obtained on 
stimulation with 0-7 mA r.m.s. alternating current with these electrodes in the 
upper fornix of the conjunctival sac are shown in Figs. 6 and 7. It will be seen 


Fig. 6. Distribution of phosphene obtained in a.c. stimulation at 0-7 mA r.m.s. with electrode C. _ 
Shading as in Fig. 4. 

Fig. 7. Distribution of phosphene obtained in a.c. stimulation at 0-7 mA r.m.s. with electrode D. 
Shading as in Fig. 4. 


that these are qualitatively what would be expected if stimulation were wholly 
due to radial currents influencing structures close to the receptors. The dark 
zone between the two components of each phosphene could for both types of 
electrode be clearly seen to be completely free from flicker and from light at 
0-7 mA, with the electrode in the upper (G.B., P.H., J. E.) or lateral (G. B. and 
P.H. only) fornix of the conjunctival sac. 


IV. Effect of blinding the eyes by pressure 

Firm pressure on the stimulated eye (G.B.) abolished the phosphene caused 
by bipolar a.c. stimulation with electrode B, even at 3 mA r.m.s., Le. over 
100 times threshold. Loss of electrical sensitivity corresponded closely in time 
with loss of light sensitivity. It was complete in 40 sec from the onset of firm 
pressure. With unipolar stimulation (between the upper component of elec- 
trode B and an indifferent electrode in the mouth), currents above about 
0-8 mA r.m.s. gave a diffuse, mainly peripheral, flickering phosphene even after 
pressure-blinding the eye to which the electrode was applied; but this disap- 
peared, even for 3 mA r.m.s., on pressure-blinding the other eye as well, so that 
it must presumably have been due to spread of the stimulating current to the 


other eye. A.c. stimulation with electrode B with both eyes pressure-blinded 
13-2 
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was tried on P.H. up to 2-5 mA r.m.s. and on J.E. up to 1-0mA r.m.s. In 
both subjects, complete loss of electrical sensitivity occurred at the same time 
as complete loss of light sensitivity, in P.H. after about 20 sec and in J.E. 
after about 35 sec. 

Unipolar stimulation at 2-5 or 3 mA r.m.s. of an eye not pressure-blinded 
(G.B., P. H.) caused a very bright phosphene which, in addition to the features 
shown in Fig. 5, included a bright irregular figure around the fixation point, 
made up of several concentric sinuous closed lines, resembling the map-con- 
tours of a mountain. Despite the cocaine and the insulation of the outer sur- 
face of the electrode there was some sensation referred to the upper eyelid, and 
teeth close to the indifferent electrode ached, sometimes severely. But there 
were no effects attributable to stimulation of nerves in the orbit: no pain 
referred to the eye itself, no eye movement detectable by an outside observer 
or as diplopia by the subject, and the slight but definite pupil constriction, 
which was also noticed at comparable current strengths by R. Fowler (quoted by 
du Bois-Reymond, 1848, p. 353), was identical in the two eyes, and therefore 
presumably reflex. 


V. An estimate of the radial sensitivity of the retina per unit area 

An electrode similar to one of the two components of electrode B was applied 
centrally to the cornea, and the threshold for short condenser discharges passed 
between it and an indifferent electrode in the mouth was measured. As was to 
be expected from the results of Achelis & Merkulow (1930), Baumgardt (1951) 
and others, the potential to which the 0-0089 mF condenser had to be charged 
for threshold was independent of the resistance through which it was dis- 
charged from 450 to 10°Q: all these pulses are evidently short enough for the 
threshold quantity to be independent of its distribution in time. The mean 
threshold (G.B.) was 8:5x10-* coulomb, 7-0x10-* being never seen and 
1-0 x 10-? always seen. For P. H., in a shorter experiment, a short-pulse thres- 
hold of 1-9 x 10-? coulomb was found. It seems likely that for this subject with 
more experience in threshold measurements a lower value might have been 
obtained. The thresholds for inward- and outward-flowing current pulses were 
not detectably different, nor were the phosphenes provoked by suprathreshold 
pulses of equal size and opposite sign distinguishable in brightness or distri- 
bution. All short-pulse phosphenes produced with this electrode appeared 
uniformly distributed throughout the whole visual field. With a.c. stimulation 
at 50 cycles, the only departures from uniform distribution which could be 
seen were a slightly brighter patch corresponding to the macula, and a ring, dif- 
ferent in quality from the rest but difficult to describe as brighter or darker, 
corresponding to the borders of the optic disk. 

Since the resistivity of the contents of the eye is very much lower than that 
of its walls, and in the present experiment the whole outer surface of the sclera, 
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except at its most anterior part, must have been at nearly the same potential, 


the radial current density through all parts of the retina should be approxi- 
mately the same, varying only with its thickness and resistivity (if the latter is 
high) and the thickness and resistivity of the choroid and sclera behind it. If 


we assume that stimulation does not at all occur at the optic disk, but is wholly 


due to the radial current through the retina (and evidence in support of this 
assumption will be considered in the Discussion), we can make an approxi- 
mate estimate of the sensitivity of the retina per unit area. At threshold 
8-5 x 10-* coulomb flows out through a retinal area of about 10-2 cm?, a 
current density of 8-3 x 10-* coulomb/cm? or 520 univalent ions/u?. Outflow of 


_ some current through the anterior quarter of the surface of the eye and the 


preferential conducting path of the optic nerve will tend to make this 
estimate too high, and non-uniformity of current flow through the retina to 
make it too low; but probably neither error exceeds 40%. If the assumption of 
no stimulation at the disk is granted, then the uniformity of distribution of 
the phosphene provides some internal evidence of the uniformity of current 
density. 

For comparison, the electrical threshold of the tongue (G. B.) was measured 
with a disk electrode of 10:2 cm? area, and found to be about 1-5x10-’ 
coulomb/em?, The buccal mucous membrane and the skin of palm and forearm 
were all less sensitive than the — | 


DISCUSSION 

In §I1 (a) it was die out that the hypothesis of stimulation of the receptors 
themselves, or structures lying close to the receptors serving them, by the radial 
component of the current explains very satisfactorily the spatial distribution 
of the phosphenes obtained with electrode B, with the possible exceptions of 
the special phenomena around the blind spot and close to the fixation point; 
and the dark zones in the phosphenes obtained with electrodes C and D and 
the uniformity of the phosphene obtained with a corneal electrode are likewise 
very satisfactorily explained. 

Special phenomena confined to the margins of the blind spot do not provide 
substantial evidence in any direction. The neighbourhood of the disk is on 
Bogoslowski & Ségal’s evidence one of preferential radial conduction, and it is 
not surprising that the increased current density should influence the corre- 
sponding part of the phosphene, whatever the structure stimulated. Of the 
special phenomena close to the fixation point, it was suggested by Bogoslowski & 
Ségal (19476) that they were due to the stimulation of structures inclined out- 
wards from the strictly radial direction in the radial plane through the foveal 
centre; and these authors named the bipolar cells in particular. The present 
results provide — to contradict this hvrothesis, and something to 
support it. 
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Are optic nerve fibres stimulated ? 

Each of the following pieces of evidence tends to show that optic nerve 
fibres are not stimulated, and though no one of them is both conclusive and 
applicable to all cases, together they make a fairly strong argument for 
believing that no part of any phosphene in the present experiments is due to the 
stimulation of optic nerve fibres, either outside the eye, at the disk, or on the 
surface of the retina. | 

(a) The thresholds for unipolar and bipolar stimulation with electrode B are the 
same. This was found both for a.c. and for short pulses. Since in bipolar 


stimulation the electrodes are symmetrically placed in relation to the optic _ 


disk, so that there is no current flow through it, we must conclude that in uni- 
polar stimulation, which allows current flow through the disk, threshold 
excitation does not occur there. This evidence is applicable only to threshold, 
and only to stimulation at the disk, but for these conditions is conclusive. 

(b) One hundred times threshold current causes no visual sensation when both 
eyes are pressure-blinded. For all modes of stimulation used this is conclusive 
evidence that the extraocular parts of optic nerve fibres are not stimulated. 

(c) Complete loss of electrical sensitivity occurs after 40 sec of pressing on the 
eye. Human peripheral nerves do not lose the ability to conduct beneath a 
circulation-blocking cuff or their electrical excitability in the ischaemic limb 
beyond it for about 30 min. Even in a moist chamber of 5% carbon dioxide 
in nitrogen, Lehmann (1937) found that the electrical threshold of cat phrenic, 
saphenous and peroneal nerves did not begin to rise for about 8 min, and the 
nerves did not become wholly inexcitable until about 30 min. Hence it seems 
unlikely that pressure on the eye can abolish the electrical excitability or ability 
to conduct of optic nerve fibres in 40 sec. 


This argument is not necessarily valid, for we cannot be certain that o.n.s. 3 


fibres behave as peripheral nerve; but if valid, it holds for all modes of stimula- 
tion and all parts of the fibres. 

(d) In unipolar a.c. stimulation with electrode B there is a completely dark and 
Jlicker-free zone. This was observed even at 3 mA, i.e. over 100 times threshold. 
The optic nerve fibres serving the dark and flicker-free zone are presumably not 
stimulated; for the alternative hypothesis that a pattern of impulses is pro- 
voked in them which the brain interprets neither as flicker nor as light is 
scarcely credible (and in any case implies that the stimulation of optic nerve 
fibres is irrelevant to the problem of a.c. phosphenes). Yet these optic nerve 
fibres pass through an optic disk which is transmitting as much current as in 
any other of the present experiments, and run over the surface of retina which 
has a high a component of current density along their axes as in any other 
experiment except perhaps those of §III, which gave analogous results. 

This evidence seems conclusive against the participation of nerve-fibre 
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stimulation in any phosphene provoked by a.c. at 50 c/s; and though the 
corresponding phenomena for short pulses and d.c. stimulation are but un- 
certainly observed, it seems likely that it applies to them also. 

In so far as the above four arguments taken together are convincing for the 
present experiments, they are probably applicable to all the very abundant 
published work on electrical phosphenes, for it seems that no previous experi- 
menter has worked with substantially higher current densities i in any direction 
in any part of the eye. 

The structure stimulated : 

If we accept Bogoslowski & Ségal’s suggestion concerning the macular phos- 
phene, this should be a structure whose orientation is strictly radial through- 
out most of the retina, and in the macula departs from the strictly radial, but 


_ remains in the radial plane through the foveal centre. Two structures meet this 


condition: the bipolar cells, and the parts of the rod and cone cells lying inside 
the external limiting membrane. There seems no reason why either or both of 
these should not be the site of origin of both threshold and many times supra- 
threshold phosphenes. 
SUMMARY 

1. Evidence is given, principally from the spatial distribution of phos- 
phenes obtained with conjunctival electrodes, that in none of the present 
experiments and probably in no other published experiments do electrical 
phosphenes result from stimulation of optic nerve fibres, either outside or 
inside the eye. All the non-macular phosphenes obtained in the present 
experiments are consistent with their resulting from stimulation of the retina — 
by radial current. It is suggested that the structures stimulated may be bi- 
polar cells, or the parts of rod and cone cells lying inside the external limiting 
membrane. 

2. The sensitivity of the retina to short pulses of radial current is estimated 
as about 8-3 x 10-® coulomb/cm?. 


I should like to thank Dr W. A. H. Rushton for suggesting a number of improvements in clarity 
of presentation, Squadron-Leader P. Howard and Flying-Officer J. Ernsting for acting as con- 
this work, 
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THE INTRACELLULAR LOCALIZATION OF OXYTOCIC AND 


VASOPRESSOR SUBSTANCES IN THE PITUITARY 
GLANDS OF RATS 


By A. URSULA PARDOE anp M. WEATHERALL 


From the Department of Pharmacology, London Hospital 
Medical College, London, E.1 


(Received 6 September 1954) 


It has been shown that a number of physiologically active substances present 
in tissues are contained largely or entirely in cytoplasmic particles which can 
be isolated by high-speed centrifugation in appropriate conditions; for instance 
pressor amines in the adrenals (Blaschko & Welch, 1953; Hillarp, Lagerstedt 
& Nilson, 1953) and histamine in the liver (Hagen, 1954). It is obvious that 
other substances might be localized similarly, and we have examined the 
pituitary glands of the rat to see whether the posterior lobe hormones wete 
situated in this way. . 
METHODS 

Preparation of pituitary extracts 

Groups of two to ten rats, mostly weighing 180-200 g, were killed by decapitation with as little 
previous excitement as possible. The pituitaries were dissected rapidly, with no attempt to 
separate the lobes or completely to exclude adjacent tissue. The portions of tissue taken were not 
weighed, in order to save time: from other experiments we believe that the portion from each rat 


weighed about 10 mg. The tissue was ground in | ml. of 0-25m- or 0-88m-sucrose in an ice-cold 


glass homogenizer for 5 min. The homogenate was transferred with washings of the same cold 
sucrose to cold centrifuge tubes and was spun for 20 min at 950 xg at 0° C to remove any cells 
and large debris. The deposit at this stage consisted of a thin reddish disk composed presumably 
of red blood cells and surrounded by a trace of greyish sludge; this deposit was discarded. The 
somewhat cloudy supernatant was spun again at 0° C, this time for 30 or 40 min at 19,000- 
22,000 x g, in order to separate mitochondria and other small particles. These appeared as a cream- 
coloured disk-like deposit; commonly there was a pinkish tinge on the lower side of the disk 
suggesting that a few red cells remained in the material rather than indicating the presence of 
microsomes. The high-speed supernatant was laid by and the deposit was resuspended in an equal 
volume of sucrose, of the same molarity unless otherwise indicated. It was difficult to obtain an 
even resuspension, and the best results were obtained when the deposit was transferred to 
homogenizers like those originally used and was dispersed again. Part of the resuspended material 
was put by for assay and sometimes part of it was centrifuged for a second time at high speed, 


- when it deposited with the same appearance as before. All the fractions were then frozen at 


~10° C until needed for assay of oxytocic, pressor and sometimes antidiuretic activity. In some 
experiments (G, H, K, O and P), for reasons given below, the fractions were acidified with 
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one-tenth volume of w-HCl or an equal volume of 0-15x-HCI before freezing and were buffered and 
neutralized with slightly smaller volumes of NaOH and NaH,PO, or NaHC0, to a pH of 6 before 


assa 
Onypocic 


Oxytocic activity was assayed on the isolated uterus of the rat by the method of superfusion 


(Finkleman, 1930; Gaddum, 1953). The superfusing fluid (Locke containing } Ca and } dextrose) 
was allowed to drip over the uterus at about 40-60 drops/min at a temperature constant to 
+0-5° C between 28 and 34° C, To observe responses the flow was stopped and seven drops of the 
active material were applied to the uterus. The superfusion was resumed after 120 sec, or earlier 
if the maximum contraction had been passed (as was usually the case except with solutions which 
produced a very small response). Further doses were given either when the uterus had relaxed 
completely or after a definite interval (3, 3} or 4 min) which usually but not always allowed com- 
plete relaxation. Contractions were measured from the level at which they began, and on the 
whole the standard time interval procedure gave more consistent results. Whole pituitary extract 
(Pitoxylin, Oxo) diluted first in 0-25m- or 0-88 m-sucrose until its potency approximately matched 
that of the glandular extracts, and then in the saline used for superfusion to about 0-25 mU/ml. 
was used as a standard, and was administered at two or three dose levels differing by a factor of 
1-41, 1-67 or 2-00, Unknown extracts were administered similarly, or at a single level of dosage 
which gave responses intermediate between those to the lowest and to the highest doses of the 
standard solutions. The doses of unknown and standard were administered in a random sequence, 
which was altered for each set of replicates. When feasible, one or more complete Latin squares were 
used for the design, and either a (2 + 2) or a (2 +2 +2 + 2) point assay (i.e. standard and one or three 
unknowns, each at two dose levels) was commonly used. The precision of the results naturally varied 
from assay to assay, but most of the fiducial limits of the estimated results (P =0-95) were within 
20 % of the result itself. Assays with wider limits than this or in which the limits were not calculated 
were accepted only if they were consistent with other findings in the same experiment, i.e. if the 
assayed activities of a deposit and its supernatant fluid together were approximately equal to the 
total activity of the uncentrifuged suspension. | 


: Pressor assays 

Pressor activity was assayed on the blood pressure of rats weighing over 300 g, anaesthetized 
with ‘ Dial liquid compound’ (Ciba Laboratories; containing 10% diallylbarbituric acid and 40% 
urethane; 0-20-0-35 ml. intraperitoneally) and treated with hexamethonium bromide (1-0-5-0 mg 
intravenously as often as necessary to keep a stable blood pressure between 40 and 60 mm Hg). 
Doses of pituitary extracts were given at intervals of 7-12 min according to the average time taken 
for the blood pressure to fall in the particular rat, and the rats usually responded reasonably 
consistently to between 10 and 40 doses. In the early experiments (A—F) most of the samples 
were assayed separately, usually on a (2 +2) design with four replicates of each dose. In the later 
experiments (G—P) usually all the samples were compared with each other and estimated by 
comparison with a dose-response curve obtained with standard pituitary extract in the same 
preparation: and each sample was injected into and assayed in two, three or four rats. The first 
procedure simplified full formal analysis, while the second procedure had some practical ad- 
vantages, such as giving a quicker indication of the overall results. The same pituitary extract was 
used as standard, and the same criteria were used for accepting results, as in the oxytocic assays. 


Antidiuretic assays | 
Antidiuretic activity was assayed in rats anaesthetized with ethanol by Pardoe & Moore’s 


modification (to be published) of the method of Jeffers, Livezey & Austin (1942). Each sample was 


assayed separately in a (2+ 2) design, and all the results mentioned in the text had fiducial limits 
less than + 25% of the mean. 
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PITUITARY CYTOPLASMIC PARTICLES 


RESULTS 
— Initial activity of glands 


The initial activity of the dispersions of rat pituitary glands varied considerably, 
from 70 to 470 mU of pressor activity and from 170 to 840 mU of oxytocic 
activity per gland (Table 1, columns 5 and 10; Table 2, columns 9 and 14). 
Previously published figures for adult rats (Simon, 1934; Heller, 1941, 1947; 
Ames & van Dyke, 1950; Dicker & Tyler, 19536) usually lie within these 
ranges, but individual authors have not described quite such extensive 
variation. Our rats came from three different sources and the extractions of 
the glands were done in two different laboratories (A—F and K in one laboratory 
and G, H and M-P in the other: the rats for G, H and M were from a different 
source from those for N, O and P), but the variation was not appreciably 
related to the origin of the rats. The ratio of pressor to oxytocic activity in the 
female rats varied from 0-36 to 0-82 except for one extract (Expt. E) prepared 
from only two rats, in which the ratio was 1-67. The ratios in the two groups 
of male rats (Expt. K, Table 1; Expt. G, Table 2) were 1-00 and 1-13. These 


ratios have a quite large error, but it is unlikely that any of them is wrong by 


more than + 30%, and the difference from unity is outside the limits of random 
error in most of the groups of females. 


Effect of high-speed centrifugation 

Dispersions of pituitary glands in 0-88 M-sucrose or in 0-25 m-sucrose always 
yielded an appreciable fraction of their total activity in the deposit obtained 
by centrifuging at 0° C for 30 or 40 min at 19,000 or 22,000 xg (Table 1). In 
most of the experiments the sum of the activity of the deposit and of the 
supernatant was equal to the original activity, within the limits of experi- 
mental error: in the eight experiments where this check was practicable, the 
mean recovery of pressor activity in the deposit plus the supernatant was 
107% and of oxytocic activity 84%. The mean recoveries and most of the 
individual recoveries were higher in 0-88 m-sucrose: reference to this point will 
be made again later. The proportion of the activity which was found in the 
deposit depended on the activity examined. Apart from one experiment (N) 
in which most of both activities was found in the deposit, 46-66% of the 
pressor activity was found in the deposit when the glands were spun in 
0-88m-sucrose and 14-34% in 0-25m-sucrose. Of the oxytocic activity, 
28-31% was found in the deposit whichever concentration of sucrose was 
used. The ratio of the activities consequently differed in the different fractions. 
In 0-88m-sucrose the ratio was always increased in the deposit, and decreased 
in the supernatant; whereas in 0-25 m-sucrose the ratio was usually decreased 
in the deposit and increased in the supernatant. In other words, the higher 
concentration of sucrose favoured concentration of pressor material in the 
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deposit and the lower concentration tended to oppose it. The changes were 


reasonably consistent, though not large; ratios were usually altered by a factor 
of not more than two or three. 


Validity of assays on sucrose suspensions 

In view of the evidence which these experiments gave that some of the _ 
active material was present in a particulate form, and because of certain 
anomalous results mentioned later, it was necessary to consider whether 
assays On sucrose dispersions detected all the active material which was 
present, or whether some might remain locked up in the particles and not be 
released when the dispersions were injected into rats or applied to uteri. As 
the dispersions were always frozen solid and thawed again before assay, this 
seemed unlikely (cf. Hillarp & Nilson, 1954), but the possibility was examined 
further. In two experiments (G, H) ice-cold dispersions were prepared as usual. 
One portion (a) was laid by for assay without freezing; a second (b) was frozen 
and thawed as usual; a third portion (c) was treated with an equal volume of 
0-15N-HCI, left for 10 min, buffered with 0-15m-phosphate buffer and brought 
to a pH of approximately 6 with 0-15n-NaOH; and the fourth portion (d) was 
treated with an equal volume of 0-5 % acetic acid, boiled for 3 min and filtered. 
All four extracts were made up to a standard volume with 0-25m-sucrose 
before assaying and were compared with each other and with standard whole 
pituitary extract on the same preparations: for oxytocic assays the necessary 
considerable further dilution was carried out with the saline used to superfuse 
the uterus. The results of these experiments are shown in Table 2. The un-. 
treated sucrose dispersion (a) showed substantially less pressor activity than 
any of the other portions, but otherwise the differences were not larger than 
could be attributed to the errors of the assays, and were not consistent. It was 
therefore concluded that any of the procedures adopted, i i.e. freezing, acidifying 
with HCl, boiling with acetic acid or even simple dilution in saline, were 
sufficient to decompose the particulate matter present, and that errors due to 
unliberated active material were not affecting the results. By way of con- 
firmation, acidification and subsequent neutralization were carried out in some — 
later experiments with centrifugation (K, O and P) without notable effect on 
the results. 

Further examination of high-speed deposits 

Ina number of experiments, resuspended deposits obtained after high-speed 
centrifugation were centrifuged again at 19,000 or 22,000 x g at 0° C either in 
sucrose of the same concentration, in order to confirm that the material was 
retained in granules, or in more dilute sucrose to see to what extent the particles 
ruptured on exposure to lower osmotic pressures. The results of these experi- 
ments are shown in Table 3. 
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The total pressor activity recovered in these conditions was less satisfactory 
than with the original material, and was once as low as 50% and once as high 
as 280%. Some loss of reliability was to be expected because the total activity 
in some samples was near the limit of what could be estimated, and involved 
injecting larger volumes (up to 0-4 ml.) than the usual (0-1 ml.) into the rats 
used for assay. More important, it was difficult to form an even dispersion of 
the material deposited by the iirst high-speed centrifugation, as the material 
formed a tough aggregate not readily broken up except into macroscopically 
visible particles. The best results were obtained by grinding the material again 
in glass homogenizers (Expts. OA and PA, in both of which the recoveries 
were within 10% of being complete). A third source of error was suggested 
by one extract which on resuspension and respinning yielded a supernatant 
which consistently lowered the rat’s blood pressure. The activity of this 
depressor material was not abolished by mepyramine but was reduced by 
atropine; there was insufficient material to find out any more about it, and it 
was not found in subsequent experiments. It may have been present in other 
extracts in sufficient amounts to modify the response quantitatively, but 
qualitatively the individual pressor responses were always indistinguishable 
from those to whole pituitary extracts and the dose-response curves were con- 
sistently approximately parallel, so it does not seem likely that this depressor 
material was commonly affecting the observed results. 

Apart from these defects, it was clear that resuspension and recentrifuging 
reduced the amount of pressor material which could be brought down, and 
liberated a little material into the supernatant, but there was no very clear 
difference between the effects of 0-88m-, 0-25m- and 0-125m-sucrose in this 
respect. However, in a single experiment (PA) in which the deposit was 
resuspended in water, practically all the activity passed into the super- 
natant. 

The oxytocic recoveries were more consistent, and the worst irregularities 
were in the same experiments and in the same direction as the worst recoveries 
of pressor material (DB and KA), strongly suggesting that defective re- 
suspension was involved. Apart from the 181% recovery of Expt. KA, allthe _ 
oxytocic recoveries on resuspended material lay between 80 and 126% and 
were therefore within the limits of confidence of the assays. The proportion of 
material which deposited a second time varied from 48 to 90% (again omitting 
Expt. KA) and was on the whole lower in 0-125m-sucrose than in higher 
concentrations. But the differences were not very sharply defined, and the 
ratios of pressor to oxytocic activity in the secondary supernatants and 
deposits were consequently not much altered. 
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Antidiuretic activity 

In two of the reported experiments (K and KA), the antidiuretic activity of 
each of the extracts was also measured, and in no instance differed significantly 
from the pressor activity. The observed ratios (AD/P) were for the original 
material, 1-00; for the supernatant of the first high-speed centrifugation, 0-84; 
for the deposit, 1-10; for the supernatant when the deposit was resuspended 
and centrifuged again at high speed, 0-72; and for the second deposit, 1-39. 
None of these ratios is significantly different from unity, and as there were 
some inconsistencies in the pressor recoveries in this experiment the tendency 
towards an increasing concentration of antidiuretic activity as compared with 
pressor activity in the particles is not of much import. 


DISCUSSION 

In these experiments some of the vasopressor and oxytocic substances of rats’ 
pituitaries have always been in a form which could be sedimented by centri- 
fuging at 19,000—-22,000 xg in iso- or hypertonic sucrose, and were therefore 
contained in or on some kind of particles. The quantities so deposited have 
varied from 17 to 67 % or more of the pressor activity and from 28 to 71% of 
the oxytocic activity. These quantitative estimates are subject to various 
errors. Apart from those inherent in the assays, no full account has been taken 
of possible interfering substances. We have assumed that the activity of 
oxytocin and vasopressin would be sufficient to swamp any other effects, and 
as far as the internal evidence of the assays goes (i.e. direction and time 
relations of the responses, parallelism of dose-response curves and repro- 
ducibility in separate preparations) this assumption was generally justified. 
When all the results are examined together, the consistently lower recoveries 
in some conditions than in others (e.g. oxytocin in 0-25 M-sucrose as compared 
with vasopressin in 0-88 M-sucrose) suggest that some unaccounted factor is 
operating either to augment or to depress responses in some extracts. Hist- 
amine, acetylcholine or 5-hydroxytryptamine might all be present, but the 
quantities of any of them necessary appreciably to affect these assays would 
have to be considerably greater than any yet reported in the pituitary or 
elsewhere in the nervous system. 

Assuming that no serious error is introduced into the assays by the presence 
of other substances besides oxytocin or vasopressin, a small correction is still 
necessary for the oxytocic activity of vasopressin. It has bee: shown by 
du Vigneaud (1952) that preparations of vasopressin entirely free from oxytocin 
(as demonstrated by the absence of constituent amino-acids leucine and 
isoleucine) have an activity on the guinea-pig’s uterus about one-twentieth of 
that of oxytocin. It does not appear to be known whether this figure can be 


applied to the rat’s uterus, but the observations of Vogt (1953) support it and 
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show that it is unlikely to be bigger. As the highest pressor/oxytocic ratio we 


observed was 3-2 (in the particulate fraction in Expt. E), and deduction from 


the oxytocic activity of an amount equal to one-twentieth of the pressor 
activity raises the ratio only to 4-0, we have not felt that it was worth making 
the slightly uncertain correction for this source of error. 

The nature of the particles which contain oxytocin and vasopressin needs 
a full cytological investigation. As the particles are brought down to much the 
same extent in 0:25m-or 0-88m-sucrose, they behave more like mitochondria 


than microsomes (Schneider & Hogeboom, 1951), and microscopic examination _ 


of our deposits has shown the presence of mitochondria, which could be stained 
by Janus Green B, as well as other unidentified subcellular particles. No intact 
cellular material was found. We do not know at present how far the particles 
containing oxytocin and vasopressin are permeable to these substances, or 
whether they are liberated only if the particles are ruptured. On the whole at 
0° C the particles appear to be fairly impermeable, because they do not lose 
much activity when they are resuspended and recentrifuged, and the loss is 
not increased if the resuspension is allowed to stand for an hour before 
recentrifuging. The losses which do occur are therefore probably due to 
rupturing of a few particles during suspension and spinning, rather than to 
diffusion. 

The losses on resuspension give some indication of the amounts which might 
be similarly lost in preparing the initial homogenates, but not of the changes — 
which may occur between the time of killing the rats and of cooling their 
glands to 0° C in the homogenizers. We do not know how much of the material 
found in the first supernatant fluid was present in the cell sap im vivo and 
how much of it was liberated during the experiment; the amount present in 
granular form in vivo might well have been much more than the results 
suggest. 

If the particles are practically impermeable, it follows that the oxytocic and 
vasopressor fractions are probably contained in different particles, since the 
conditions which favour obtaining maximal activity in the deposit are not the 
same for the two fractions. The pressor activity is brought down better in 
0-88m-sucrose and the oxytocic is if anything better deposited in 0-25m- 
sucrose. This could be accounted for if the oxytocic particles were smaller, or 
it may represent a difference in fragility in relation to the osmotic pressure of 
the medium. The experiments in which the particles were resuspended in more 
dilute sucrose are too irregular to be informative on this point; in plain water, 
practically all the material of both kinds passed into the supernatant. 

An alternative explanation of the results is that the oxytocin and vaso- 
pressin are chemically combined with some substance or substances present 
in the particles, rather than held physically inside the particles. If the 
particles contained a single receptor protein which in some circumstances 
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formed its most stable union with equivalent amounts of oxytocin and vaso- 
pressin, it would be in good agreement with the findings of van Dyke, Chow, 
Greep & Rothen (1942), and earlier work, suggesting the presence of a single 
active molecule in the gland. But it is difficult to envisage that such combina- 
tion would be influenced by the concentration of sucrose in which the particles 
were suspended, and on the whole it is simpler to regard the two agents as 
probably present in different particles. 

There are now many grounds for regarding the oxytocic and vasopressor 
agents as chemically and physiologically independent substances. Their 
chemical distinction is now established by their chemical identification and by 
the synthesis of oxytocin by du Vigneaud and his collaborators (du Vigneaud, 
Ressler, Swan, Roberts, Katsoyannis & Gordon, 1953; du Vigneaud, Lawler & 
Popenoe, 1953). Their different origin in the body is suggested by the finding 
of considerably more vasopressor than oxytocic activity in the hypothalamus 
of dogs and rats (Kovacs & Bachrach, 1951; Hild & Zetler, 1951; Vogt, 1953), 
and by evidence suggesting the transfer of active material from the hypo- 
thalamus to the pituitary (Bargmann, 1949) in the form of secretory granules. 
We have not yet had the opportunity of examining the histological properties 
of our particulate material sufficiently to compare their properties with the 
granules described by Bargmann, but the present findings clearly support the 
possibility that the active material, or some of it, is brought to the pituitary 
in this form. The independence of the oxytocic and vasopressor agents in the 
pituitary itself has been demonstrated by quantitative comparisons in 
different species (Geiling, 1935; McClosky, Miller & LeMessurier, 1936; 
Oldham, 1938; Waring & Landgrebe, 1950) and by variation in the ratio in 
animals of the same species from time to time (Dicker & Tyler, 1953a, bd). 
The present results also indicate variations in the ratio in different members 
of the same species, and show that the two substances can be partially separated 
by the simple physical procedure of centrifuging. If they are present in 
separate particles, it is not difficult to envisage separate mechanisms for the 
release of the two substances, and the low ratios of released activity found in 
the plasma of rabbits after electrical stimulation of the infundibular stem by 
Harris (1948) would be readily explicable. The mechanism governing the 
release of the active material, and whether it is released by rupture of the 
granules or by their liberation intact into the circulation and an aie 
breakdown require further ee. 


SUMMARY 


1. The vasopressor, oxytocic and sometimes antidiuretic activities of dis- 
persions of rat pituitary glands in 0-25m- or 0-88M-sucrose have been assayed 
before and after centrifugation at 19,000-22,000 x g at 0° C. 
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2. 17-67% or more of the pressor activity and 28-71% of the oxytocic 
activity have been found in the material deposited by such centrifugation. 

3. The ratio of vasopressor to oxytocic material varied from 0-36 to 1-67 in 
the original dispersions; it was always increased in the deposit in 0-88m- 
sucrose and sometimes reduced in the deposit in 0-25 mM-sucrose. 

4. On resuspension in fresh sucrose, most of the material could be deposited 
again by further centrifugation. 

5. The antidiuretic activity was investigated less fully but on the whole 
accompanied the pressor activity. 

6. It is concluded that some and possibly all the oxytocic and vasopressor 
material in the rat’s pituitary gland is present in cytoplasmic particles which 
behave like mitochondria, and that the two substances are probably not con- 
tained in the same particles. 

1. The bearing of these findings on the formation and release of the posterior 
lobe hormones is discussed. 


We are deeply indebted to Dr H. Blaschko for much helpful advice and discussion during this 
work, and to him and Prof. J. H. Burn for their kindness in making a high-speed refrigerating 
centrifuge and other facilities available to us for Expts. A~F and K. We are also very grateful to 
Dr E. R. Cole, Miss H. Moore and Mr P. C. Richardson for performing some of the assays on which 
this work is based. Part of the expenses were defrayed by a grant from the Yarrow Research Fund 
of the London Hospital Medical College. : 
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| THE EFFECT OF THE CARDIAC MEMBRANE POTENTIAL ON 
THE RAPID AVAILABILITY OF THE SODIUM- 


‘CARRYING SYSTEM 
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Umiversity of Berne, Switzerland 
(Received 9 September 1954) 


_ There is evidence suggesting that the onset of electrical activity in nerve and 
muscle depends on a specific permeability increase of the surface membrane 
which allows sodium ions to enter the fibre at a high rate (for references, see 
Hodgkin, 1951). Furthermore, it has been shown for the giant axon of the 
squid (Hodgkin & Huxley, 1952a) that the amount by which the sodium per- 
meability increases during activity (or depolarization) depends on the value of 
the potential difference which had been acting on the surface membrane before 


The present experiments were undertaken in order to look for a similar 
effect in mammalian Purkinje fibres. By means of a feedback circuit the 
‘resting’ potential could be chosen at will; its effect was observed on certain 
features of the action potential which are thought to be indicative of the sodium 
permeability, namely the upstroke velocity and the size of the ‘overshoot’. 


METHODS 


The experiments were performed with ‘false tendons’ (parts of the ventricular conductive system) 
of calf or sheep hearts, The general technique was that described in detail by Draper & Weidmann 


Fig. 1 shows the main components of the present set-up, One pair of electrodes, #, and H,, was 

__ used to record the membrane potential of a Purkinje fibre. Z, was a microcapillary of about 0-5. 
external tip diameter (Ling & Gerard, 1949) filled with 3m-KCl (Nastuk & Hodgkin, 1950) which 
made contact with the inside of a single fibre. HZ, was an Ag-AgCl electrode leading off from a 
pool of Tyrode solution. A similar pair of electrodes, Z, and F,, was used to lead current through 


By means of a feedback principle the current strength was automatically controlled so as to 
keep the membrane potential at a predetermined value. The voltage level could be chosen by the 


* Present address: Department of Physiology and Pharmacology, New York State University, 
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setting of the potentiometer P. In the absence of feedback a normal action potential was displayed 
on the screen of a cathode-ray tube. The upstroke of this action potential was used to trigger a 
delay circuit which in turn operated a square-pulse generator. A high-speed relay (Carpenter, 

type 3G 2) closed the feedback circuit for the duration of the square pulse, provided that a hand- 

operated key was closed as well. The circuit made it possible to ‘clamp’ the membrane potential 
(i) at a predetermined time during the cardiac cycle, (ii) for a predetermined duration and (iii) at a 
predetermined voltage level. At the very end‘of a ‘clamp’ period the membrane was stimulated 
by a short shock derived from the discharge of a thyratron. The stimulating current was some- 
times introduced through the electrodes F, and HZ, as drawn in Fig. 1. More often it was applied to 
a thin branch of the preparation which had been pushed into a 6 mm long funnel of a Perspex 
block. Two holes at a distance of 3 mm communicated with the funnel; they contained silver wires 
and served as ‘external’ stimulating electrodes. 


 Earthed 
shield 


Fig. 1. Feedback circuit used for keeping the membrane potential of a single Purkinje 
fibre at a predetermined level. Explanations in the text. 


In one series of experiments the membrane voltage had to be suddenly. changed during the 
operation of the feedback circuit. This was achieved by a second relay which short-circuited the 
contacts a and 6 (Fig. 1) at the beginning of electrical systole and broke the short-circuit during 
the ‘clamp’ period. 

The degree of feedback in the steady state was such that a ‘spontaneous’ voltage change at the 
site of the fibre membrane was compensated to about 7, of its amplitude. This result was arrived at 
empirically by injecting into the amplifier a known voltage in series with the preparation (Fig. 1), 
and observing the deflexion on the cathode-ray tube (i) without feedback and (ii) during the opera- 
tion of feedback. The degree of feedback may also be calculated from the voltage amplification of 
the d.c. amplifier ( x 5000), the attenuation by the potentiometer in the output of the amplifier 
(2:1), the resistance of the microelectrode (10 MQ) and the polarization resistance of the single 
fibre (0-2 MQ; Weidmann, 1952). Upon switching on the ‘clamp’ circuit, the predetermined 
voltage was reached aftér a period of damped oscillations which lasted for about 1 msec. 

Considerable difficulties were encountered in maintaining current flow through microelectrodes. 
Some electrodes showed a higher conductance when the inside was positive relative to the outside 
_ of the tip than when the polarity was reversed. Others seemed to become blocked within a fraction 
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of a second when their inside was positive. These same electrodes, however, would continue to con- 
duct on reversing the polarity. Electrodes of the first type were selected as leading-in electrodes. 


In the course of the experiments they tended to change their properties into those of the second _ 


type so that a frequent change of leading-in electrodes was unavoidable. 


RESULTS 
The relationship between the ‘clamp’ potential and the 
maximal rate of rise of the action potential 


The experimental procedure is illustrated by Fig. 2. The membrane voltage | 


was ‘clamped’ every 4th or 5th cardiac cycle, usually during the phase of 


diastole (drawing at upper right). At the end of about 50 msec the feedback 


circuit was broken and the fibre stimulated to produce an extra systole. The 
course of the membrane potential from the end of the ‘clamp’ period onwards 
was recorded, using a single-stroke time base of relatively high velocity. 


0 msec 1 msec 


_ Fig. 2. Upper right: schematic action potentials showing phase relation of ‘clamp’ period, Left: 


tracings of high-speed records showing various ‘clamp’ levels (a—f) with corresponding action 
potentials. Short spikes preceding action potentials are stimulus artifacts. Lower right: 
tracings of differentiated curves from same experiment. 


Tracings of such records are reproduced on the left-hand side of Fig. 2; they 
show the following features: if the fibre was kept at a relatively high membrane 
potential previous to activation (98 or 82 mV, curves a and 6), the action 
potential rose steeply and the potential reversed by an amount of 40 mV. 
With lower values of membrane potential, both rising velocity and spike 
height decreased. No ‘overshoot’ was observed when the voltage had been 
‘clamped’ at 59 mV (curve /). 

Ana.c. amplifier with a time constant of 15sec was coupled in parallel to the 
d.c. amplifier. This allowed the display of differentiated curves like those seen 
on the lower right of Fig. 2. The crest height of a differentiated curve is propor- 
tional to the maximal rate of rise of the corresponding action potential. The 
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actual procedure was to take, on the same frame, one record from the d.c. 
amplifier and the corresponding record from the a.c. amplifier. The tracings 
in Fig. 2 have been re-arranged to facilitate description. Plotting the maximal 
rates of rise against membrane ‘clamp’ potentials resulted in S-shaped curves 
as those of Figs. 3, 4 and 7. The maximal rate of rise reached a definite limiting 
value for ‘clamp’ potentials above 90 mV. With twenty hearts this averaged 
570 V/sec (standard error +40 V/sec, range 310-900 V/sec). The ‘clamp’ 
potential corresponding to half the maximal rate of rise was 71 mV (s.z. 
+0-9 mV, range 64-76 mV). 


Interpretation suggested for ‘maximal rate of rise’ 
At this point it seems advantageous to interpret the findings to a certain 
extent. This will facilitate the presentation of further results without leaving 


any doubt as to what was actually measured. According to the ‘ionic theory — 


of electrical activity’ (Hodgkin, 1951), a change in membrane potential 
depends on the displacement of charged particles across the fibre membrane. 
Evidence is available that the upstroke of the cardiac action potential is due to 
Na ions entering the fibre (Cranefield, Eyster & Gilson, 1951; Draper & Weid- 
mann, 1951). The maximal rate of rise may thus be regarded as a measure for 
the inward sodium current. Fig. 2 suggests that the maximal steepness of all 
action potentials was reached at about the same membrane potential (10 mV, 


outside positive). The driving force made up by membrane potential and | 
_ sodium concentration difference would consequently be similar in all cases, and 


the maximal rate of rise may thus be regarded as a measure for Na permea- 
bility of the surface membrane. There is evidence suggesting that sodium ions 
cross the membrane with the aid of a special carrying system rather than by 
simple diffusion (Hodgkin & Huxley, 19526). On this view the S-shaped curves 
of Fig. 3 might be interpreted as follows. If a potential difference of more than 
90 mV had been acting on the ‘resting’ membrane the number of carrying 
units available upon depolarization was at a maximum. With decreasing 
values of the ‘clamp’ potential, less and less carrying units could be made 
available, the rest being ‘inactivated’ by the relatively low membrane voltage. 
The present experimental data could be fitted satisfactorily by the expression 


| 1 


where h is the fraction of the highest value observed for the rate of rise, V the 


‘clamp’ potential in mV and V, the potential at which / is half maximal. This 


equation is similar to that used by Hodgkin & Huxley (1952a, eqn. 1), except 
that it describes an S-curve which is steeper by a factor 1-4. In a few instances 
the equation of Hodgkin & Huxley would have given the better fit. 
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Effect of extracellular sodium concentration 
If the upstroke of the cardiac action potential is due to sodium ions entering 
the fibre its steepness must depend on the sodium concentration in the extra- 
cellular fluid. Fig. 3 illustrates an experiment which was undertaken to test 
this point. Tyrode solution was substituted by an isosmotic saccharose- 
Tyrode solution containing 25% of the normal sodium. The values obtained — 


ow 100% Na 
3 | 25% Na 

200 

| A 

40 60 80 100 120 
‘Clamp’ potential (mV) 


Fig. 3. Relationship between ‘clamp’ potential and maximal rate of rise of action potential, 


Hollow circles refer to a preparation in Tyrode solution, crosses to the same preparation in a 
test solution containing 25% of the normal sodium; full circles are values obtained after 
changing back to Tyrode solution. | 


with the test solution (crosses) could be fitted if the curve for normal Tyrode 
was scaled down to 54%. In four similar experiments the best fit was obtained 
by scaling down the 100%-Tyrode curve to 37, 43, 52 and 57%. There is 
at present no theoretical basis for predicting in a quantitative way the effect 
of lowering the sodium concentration on the rate of rise; but the findings 
certainly support the assumption that sodium ions are the main carriers of 
electric charge during the upstroke of the action potential. 


Voltage ‘clamps’ at different times during the cardiac cycle 
Fig. 4 shows the effect of ‘clamping’ the membrane potential either during 
diastole (usual procedure) or alternatively during systole. It can be seen that 
the values obtained for the maximal rate of rise agreed excellently for high 
‘clamp’ potentials. At lower ‘clamp’ potentials there was a slight displacement 


_ of the two sets of experimental values (observed on two more occasions). It is 


thought that this can be explained by shortcomings of the method (see p. 222) 
and does not reflect any fundamental difference in the condition of the sodium- 
carrying system depending on the phase in the cardiac cycle. 
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40 60 80 100 
‘Clamp’ potential (mV) 
Fig. 4. Relationship between ‘clamp’ potential and maximal rate of rise of action potential. 
Full circles: values obtained with ‘clamp’ in diastole. Hollow circles: values obtained with 
‘clamp’ during systole. 
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Fig. 5. ‘Double-step’ experiment. Membrane potential first ‘clamped’ at 66 mV; then potential 
increased to 80, 90 and 106 mV. 
Arrows indicate time constants of 10-5, 5-0 and 1-4 msec. 


Time course of the ‘ reactivation-inactivation’ process 
In the experiment illustrated by Fig. 5 the membrane was ‘clamped’ for a 
relatively long time (50 msec) at a level of 66 mV. Thereafter the voltage was 
suddenly increased to 80, 90 or 106 mV respectively. After a variable interval 
the feedback circuit was switched off and the fibre stimulated. The maximal 
rate of rise was plotted against the duration of the second ‘step’. It can be 
seen that the steady state corresponding to the second voltage level was reached 
in an exponential way and with a time constant of a few milliseconds. The 
process just described was referred to by Hodgkin & Huxley (1952a) as 
‘reactivation’ of the sodium-carrying system. When the membrane potential 
was suddenly decreased, the opposite process (‘inactivation’) was found to 
proceed with similar time constants. 
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Because of deficiencies in the method, the time constants obtained in this 
way must all be overestimated (see p. 222). The highest value measured in a 
total of four experiments was 20 msec, and this figure may be given as an 
absolute upper limit. A knowledge of this upper limit is of interest, for it 
indicates that ‘reactivation-inactivation’ is a fast process when compared with 
the duration of a cardiac action potential. 

Smaller ‘reactivation’ time constants were measured when the membrane 
voltage was taken up to relatively high values than when the voltage was 
varied in the region of V;, (Fig. 5). This is in accordance with results obtained 
by Hodgkin & Huxley (19522) on squid nerve (but see p, 222). 


1 sec 


Fig. 6. Upper graph: action potentials of a pacemaker region (traciugs). Extra-responses obtained 
by stimulating the preparation at various times during the cardiac cycle. Lower graph: 


rates of rise of corresponding extra-responses. 
Availability of the sodium-carrying system in the 
course of a normal action potential 
The action potential reproduced in Fig. 6 is typical for a cardiac pacemaker 
region (Bozler, 1943; Weidmann, 1951). During diastole the membrane de- 


_ polarized at a relatively high rate and there was a gradual transition between 


the diastolic depolarization and the upstroke of the action potential. This 
preparation was stimulated at various times during its cycle of activity, as is 
indicated by the vertical lines. The total refractory period was over when the 
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membrane had repolarized to 59 mV (58 and 62 mV in two similar experi- 
ments). At that time a propagated action potential of short duration could be 
obtained (cf. Schiitz, 1936). With progressing repolarization the amplitude of 
the extra-response grew higher and reached a maximum value before repolari- 
zation was complete. Towards the end of diastole, when the membrane poten- 
tial fell below 80 mV, the height of the extra-response decreased again. 

The upstroke velocities of the various action potentials are shown in the 
lower part of Fig. 6. The findings can best be described by saying that the rate 
of rise depended on the ‘take-off’ voltage in a similar S-shaped way as it would 
have depended on the ‘clamp’ voltage. However, the value of the rate of rise 
followed changes in the ‘take-off’ voltage with a time lag. This was small, but 
could be demonstrated clearly when records were taken on a faster time base 
which allowed a more accurate measurement of the ‘take-off’ voltage. In the 
experiment illustrated by Fig. 6 an extra-response, if started at 70 mV during 
diastolic depolarization, had the same upstroke velocity as one started at about 
74 mV during repolarization. A time lag of this order is in accordance with the 
results of the ‘double-step’ experiments. 


o+ 
} 30 


80 100 
‘Clamp’ potential (mV) 
Fig. 7. Effect of adding KCl to Tyrode solution. Results from a single fibre before the addition 
of KCl (©), 20 min after increasing the potassium concentration by a factor of 5(+), 40 min 
later, still in K-rich Tyrode ( x ), and 30 min after changing back to normal Tyrode (@). Lower 


right: tracings of action potentials obtained in normal Tyrode and in K-rich — Feed- 
back was — for a duration of 140 msec. 


The effect of potassium ions 


In the experiment illustrated by Fig. 7 the potassium concentration of 


Tyrode solution (2-7 mm) was increased by a factor of 5 (solid KCl added). 
This had the effect of reducing the resting potential from 92 mV to a new 
steady level of 54 mV which was reached at the end of about 10 min. At that 
time the preparation did not respond to cathodal stimuli. But an action 
potential with a normal rate of rise and with a normal overshoot (27 mV 
instead of 30 mV) could be obtained at the site of the microelectrodes when 
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_ the membrane had been repolarized to 92 mV previous to stimulation (inset of 


Fig. 7). In three experiments of this kind the addition of KCI did not have any 
marked influence on the curve relating maximal rate of rise to ‘clamp’ 
potential. Fig. 7 also suggests that prolonged depolarization by a high external 
potassium concentration did not damage the fibres to any appreciable extent. 


The size of the ‘overshoot’ ' 
So far the effects on ‘maximal rate of rise’ were described rather than those 


on ‘overshoot’; for it was felt that of the two parameters the ‘rate of rise’ was 


more directly related to sodium permeability. Fig. 8 now summarizes the 
effect of the ‘clamp’ potential on the size of the ‘overshoot’. 
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_ Fig. 8. Effect of the ‘clamp’ potential on the size of the ‘overshoot’. Values from eight prepara- 


tions with ‘clamp’ in diastole. Different symbols are used for different preparations. 


When the membrane had been kept above 90 mV previous to activation, the 
‘overshoot’ was at its maximum (average 33 mV). For ‘clamp’ levels below 
90 mV the ‘overshoot’ decreased; the crest of the action potential just failed 
to reach zero potential difference when the membrane had been ‘clamped’ at 


about 60 mV. 
Inadequacies of the method : 

In their experiments with squid giant axons Hodgkin & Huxley (1952a) were able to ‘clamp’ 
several mm* of surface membrane to the same potential difference and to measureinward current 
as a function of time when the whole area was uniformly and suddenly depolarized. 

A first shortcoming of the present method is seen in the fact that the voltage ‘clamp’ was limited 
to the region of the microelectrodes while the rest of the preparation went on with its spontaneous 
voltage changes. However, an argument to justify the present procedure is this: at the time when 
the measurements were taken (upstroke and crest of initial spike) the space constant (A) of the 
fibre was considerably smaller than at the time when the voltage was ‘clamped’ (see Weidmann, 
1951, 1952). Or, in other words, any voltage change recorded in the beginning of activity must 
have been caused by membrane current flowing in the immediate vicinity of the microelectrodes 
(A about 0-2 mm). This region must have been kept at a fairly uniform potential difference during 
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the ‘clamp’ period since the voltage imposed by the feedback circuit would spread electrotonically 
~ along the fibre for a comparatively large distance (A in diastole about 2 mm). 

The situation was less satisfactory when activity was initiated from a relatively low level of mem- 
brane potential (50-70 mV). In that case the increase in sodium permeability was less pronounced ; 
consequently \ must have decreased by a smaller amount; and cable complications would have 
been more serious. It is thought that in Fig. 4 the non-coincidence of hollow and filled circles at 
the lower ‘clamp’ voltages may be entirely due to such inadequacies of the method. It should be 
added that the present method is unsuitable for investigating the effect of the ‘clamp’ potential 
on the height or duration of the plateau of the action potential. For during the plateau the space 
constant is even larger than during diastole (Weidmann, 1951); and the shape of the plateau 
would thus largely be determined by parts of the fibre that had not been ‘clamped’. 

Cable complications will also have affected the result of the ‘double step’ experiments, where 
_ rising velocity was measured at short intervals after the change of the ‘clamp’ level. A sudden 
voltage change set up at the site of the microelectrodes needs a certain time to propagate along the 
fibre (Hodgkin & Rushton, 1946). This must have increased the ‘inactivation-reactivation’ time 
constants above their true values. It may also be responsible for the fact that smaller ‘reactiva- 
tion’ time constants were measured when the second step took the potential up to relatively high 
‘clamp’ voltages which correspond to a limiting value of the maximal rate of rise. 

A second shortcoming of the present method is seen in the fact that it was impossible to keep 
the membrane potential under control if once an action potential had been initiated. When a squid 
giant axon is rapidly depolarized and maintained in the state of depolarization (Hodgkin & Huxley, 
1952a) the inward sodium current rises to a peak within the first millisecond and subsequently 
falls off to low values. In the present experiments the maximal rate of rise of the action potential 
(used as a measure for Na inward current) occurred at varying intervals after the stimulus artifact 
(Fig. 2); and it is impossible to state how far the sodium current was from its possible peak value. 
It seems likely that the greater steepness of the present S-curves as compared with those obtained 


for squid giant axons is simply due to the use of different methods for estimating the Na inward 
current. 


DISCUSSION 


The results described in the present paper suggest that the ability of the fibre 
membrane to undergo an increase in Na conductance depends on little other 
than the potential difference which had been acting on the membrane previous 


to depolarization. Neither the phase in the cardiac cycle (Fig. 4) nor the mem- 


brane current required to keep up a predetermined potential (Figs. 4, 7), nor 
the potassium content of the bathing solution (Fig. 7) seem to be of much 
importance. 

The quantitative data for Purkinje fibres are remarkably similar to those of 
squid giant axons (Hodgkin & Huxley, 1952a). In both cases the curve re- 
lating the ability of the membrane to undergo an increase in Na conductance 
to the membrane potential is S-shaped. The potential at which inactivation is 
half complete is 60-65 mV in squid nerve and 71 mV in Purkinje fibres. Even 
the time constants for ‘reactivation-inactivation’ have similar values (a few 
msec). But this may be due to a coincidence; for those of squid nerve were 
determined at about 7° C and decreased by a factor 3 when the temperature 
rose by 10° C; those of Purkinje fibres were determined at 37° C, but ¥ were most 
certainly overestimated through deficiencies of the method. » 

It has already been mentioned that ‘reactivation-inactivation’ is a fast 
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process compared with the duration of a cardiac action potential. This suggests 
that changes in sodium conductance—as studied in the present experiments— 
can only be responsible for the quick phases of the action potential (upstroke 
and initial spike) while they provide no basis for explaining the potential-time 
course during the slow phases (recovery from the plateau and slow diastolic 
depolarization). It was earlier concluded on the ground of impedance 
measurements (Weidmann, 1951) that the descending limb of the initial spike 
is due to an inactivation process which decreases the membrane permeability 
to sodium ions. The time constants for ‘inactivation’—as determined in the 
present experiments—are in support of this view. 

The finding that the sodium carrying system is fully available as soon as 
repolarization is complete (Fig. 6) is of considerable interest; it argues against 
the hypothesis (Draper & Weidmann, 1951) that the potential fall in diastole 
is caused by a slow increase of Na permeability. 

The present results seem to provide a common basis for interpreting a number 
of observations reported in the literature. It was found, for instance, that low 
resting potentials in certain cardiac preparations (frog ventricle, cat auricle, 
60-70 mV) are associated with a low rising velocity of the action potential and 
a relatively small potential ‘overshoot’ during activity (Woodbury, Hecht & 
Christopherson, 1951; Burgen & Terroux, 1953a). It seems possible that in 
these fibres the sodium-carrying system is never fully ‘reactivated’. This view 
is supported by the finding (Burgen & Terroux, 19535) that when under the 
action of carbamylcholine (30ug/ml.) the resting potential rises from 60 to 
70mV, the upstroke velocity of the action potential is increased by a factor 1-7. 

Several agents have been shown to lower the cardiac resting potential and at 
the same time to decrease the ‘overshoot’ of the action potential. Amongst 


_ those are CO, (Coraboeuf & Boistel, 1953), digitalis at high concentrations 


(Coraboeuf, de Lozé & Boistel, 1953), electric shocks leading to fibrillation 
(Trautwein & Zink, 1952), low temperature (Coraboeuf & Weidmann, 1954), 
and K ions (present paper). In the case of potassium ions it could be shown 
that the effect on the ‘overshoot’ was secondary to the effect on the resting 
potential ; in the other instances it seems possible to assume a similar mechanism. 


SUMMARY 
1. By a ‘voltage clamp’ method (two intracellular electrodes, feedback 
amplifier) the membrane potential of a single Purkinje fibre (calf, sheep) was 
kept at a predetermined value. At the end of the ‘clamp’ period (50-100 msec) 


’ the fibre was stimulated. 


2. There was an S-shaped relationship between the maximal rate of rise of 
the action potential and the ‘clamp’ voltage. The rate of rise was highest 
(570 V/sec) for ‘clamp’ voltages above 90 mV (outside positive) and half 
maximal for a ‘clamp’ voltage of 71 mV. The relationship was independent of 
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whether the ‘clamp’ was applied during diastole or during systole; nor did it 
depend on the extracellular potassium concentration. : 

3. Changes in ‘rate of rise’ followed changes in membrane voltage with a 
time constant of less than 20 msec. 

4. There was no ‘overshoot’ of the action potential when the membrane 
had been ‘clamped’ at about 60 mV previous to activation. The ‘overshoot’ 
increased with higher ‘clamp’ voltages and reached a limiting value (33 mV) 
for ‘clamp’ levels above 90 mV. | 

5. ‘Rate of rise’ and ‘overshoot’ are thought to be indicative of the ability 
of the surface membrane to undergo an increase in sodium permeability. 

6. Examples are quoted from the literature which suggest that changes of 
‘rate of rise’ or ‘overshoot’ may often be regarded as resulting from a change 
of the resting potential. 


My thanks are due to Dr R. D. Keynes for his comments on the typescript of the present paper. 
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EFFECT OF LARGE DOSES OF HEPARIN, AND OF HEPARIN 
CLEARING-FACTOR, ON LIPOPROTEIN MIGRATION 
IN THE RABBIT 


By A. COMFORT 
From the Department of Zoology, University College London | 


(Received 20 April 1954) 


In 1943, Hahn observed that the turbidity of alimentary lipaemia in dog or 
human plasma is cleared in vivo, but not in vitro, by small doses of heparin. 
Anderson & Fawcett (1950) found that the same effect could be produced 
in vitro by treating lipaemic plasma with plasma of animals which had received 
heparin by injection. This effect has been shown to depend upon the con- 
version of heparin in vivo to a ‘clearing factor’. The components of the system 
responsible for this conversion have been partly described by Anfinsen, Boye 

& Brown (1952). : 

It has been suggested on the basis of a number of observations that heparin 
may play a specific part in the physiology of lipoid metabolism, and the finding 
of Graham, Lyon, Gofman, Jones, Yankley, Simonton & White (1951) that in 
man during lipaemia and in the cholesterol-fed rabbit heparin injection pro- 
duced a change in the distribution of low-density lipoproteins, with reduction | 
in the 8, 10-50 component, has led to speculation whether individual and 
interspecific difference in the activity of the clearing-factor system plays a 
part in determining difference of susceptibility to cholesterol atheroma 
(Anfinsen et al. 1952; Nikkila . Majanen, 1952; Nikkila, 1952; Engelberg, 
1953). 

The nature of the interspecific differences in response to heparin is far from 
clear. Intravenous injection of heparin, or addition of exogenous clearing 
factor in vitro, fails to affect the turbidity of lipaemic rabbit plasma (Anfinsen 
et al. 1952) but causes redistribution of the lipoprotein fractions as revealed by 
the ultracentrifuge (Graham ef al. 1951). Similarly, although heparin in vitro 
does not clear human or dog plasma (Anfinsen et al, 1952) it may affect the 
electrophoretic mobility of some components of human plasma, especially 
lipoproteins (Chargaff, Ziff & Moore, 1941; Nikkilé & Majanen, 1952; Nikkila, 


- 1952) and regularly causes aggregation of chylomicra (Swank, 1951). Clearing 
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activity is occasionally found in the plasma of the untreated rat shisdiaion 
et al. 1952) and rabbit (Spitzer, 1952), while a tissue factor capable of coupling 
heparin with another component necessary for clearing may occur in human 
pooled plasma samples (Anfinsen et al. 1952). Anfisen et al. attribute the 


differences between their results and those of Graham et al. to variation © 


between strains of rabbit. Further evidence of very wide interspecific varia- 
_ tion in the physiological production of heparin-like substances has been found 
in the studies of Monkhouse, Fidlar & Barlow (1952) on the heparin response 
to shock in irradiated animals. 

We have found (Comfort, 1953a, 6) that injected heparin greatly increases 
the anodic mobility of lipoprotein, especially of the B-component, in the 
lipaemic rabbit, without reducing the plasma turbidity, arid that the same 
effects are produced by guinea-pig clearing factor added to lipaemic rabbit 
plasma in vitro. The effects of large saturation doses (1000 units) of heparin do 
not differ qualitatively from those of the minimal doses used by other workers 
to produce clearing factor. These results are here reported in detail. 


METHODS 


Animals and diet. Seven young female rabbits of mixed strain, weighing 1-9-3-2 kg, were used 
in the experiments, There were three experimental diets: no, 18 rabbit cake (diet A); no. 18 rabbit 
cake saturated with lanolin and mixed with its own volume of untreated cake (diet B); and a diet 
of green food and root vegetables only (diet C). 

Rabbits were kept on diet A for a preliminary period (3-6 weeks) and their lip teins e ined 
during this time. They were then given diet B for periods ranging from 10 days to 5 months, 
followed by diet C for 5 weeks, and thereafter diet A. All the quantitative observations reported 
in this paper, except those upon rabbits G and H, 

— the withdrawal of diet B. 
Mayo (1951) in an enlarged version of the tank described by them, containing barbitone buffer 
pH 8-6, Samples of plasma or serum (0-1—0-25 ml.) applied with a brush were run side by 
side on whole sheets of Whatman no. 3 (MM) paper, 35 x 60 cm, 9-12 samples on each sheet. 
Uniformity of migration was checked by means of markers prepared by adding 0-1 g azocarmine 
B to 2 ml. rabbit plasma and filtering. Spots of this marker were applied at the middle and sides 
of the paper. Lipoprotein bands in the unfixed sheet were stained with Sudan Black B in 50% 
(v/v) aqueous ethanol (Swahn, 1952a, 6), and protein bands with half-saturated azocarmine B in 

10% (v/v) acetic acid in methanol. These procedures can be carried out consecutively on the same 
_ sheet for photographic comparison of the positions of lipoprotein and protein bands, and in cases 
_ where this was done, the sheets were heated in air at 90° C for 10 min before staining. 

Turbidity was estimated in the photoelectric absorptiometer (Evans Electroselenium Co.) with 
orange filter no. 606. 

Total cholesterol was estimated in duplicate by the method of Abell, Levy, Brodie & Kendall 
(1952) on 0-2 ml. samples of serum. 

Heparin (‘Pularin’ Evans) as a stock solution containing 5000 units/ml. was used throughout, 
diluted as required with water. No difference in activity was found between ‘ordinary’ and 
‘colourless’ grades, 

Protamine. 1% (w/v) protamine sulphate (Evans), in solution at pH 3-0, was used. 
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Heparin clearing factor was prepared by injecting heparin intramuscularly in doses varying 
between 100 and 1000 units/kg into adult male rats or guinea-pigs. These animals were ex- 
sanguinated under ether or pentobarbital sodium (Nembutal) anaesthesia after 15-20 min, and 
the plasma separated by centrifugation. Each batch was stored separately in vials at —20° C. 
In one experiment clearing factor was produced by injection of heparin in the female pigeon. 


Ite action upon rabbit f-lipoprotein mobility resembled that of mammalian clearing factor. 


Experimental procedure 

In each heparin experiment, blood was dgawn from the ear of the unanaesthetized rabbit and 
allowed to clot. Heparin was injected in ear vein, and a second blood sample taken after 
a measured time interval, This sample was centrifuged and the plasma separated. Total cholesterol 
was estimated on the serum of the pre-injection sample. Except where otherwise stated, in each 
experiment the rabbit received a saturation dose of 1000 units (0-2 ml.) heparin regardless of 
weight, and blood was drawn 10 min later. 

Each electrophoretic comparison was made between the position of lipoprotein bands in the 
pre-injection sample of serum, and the post-injection sample, usually of plasma, run side by 
side on the same sheet. The response to heparin was measured by comparing the distance of 
migration from the origin of the sharp f-lipoprotein front (mean of three measurements) in control, 
and test runs, the difference being expressed as percentage increase or decrease, The effect of 
heparin on the fainter «-band could not be recorded in this way; this band in the lipaemic rabbit 
contains at least two components in varying proportions, which were affected by heparin to 
different degrees. After heparin injection the «,-lipoprotein band, which coincides with the 
albumin fraction in rabbit plasma, frequently undergoes deformation. Accordingly the appearance 
of the a-band was recorded only as ‘changed’ or ‘unchanged’. 7 


RESULTS 

Indwidual variation. In two rabbits (B, #) little or no «-lipoprotein was 
present either on a normal or on a lipaemic diet. In five rabbits (A, C, D, G, H) — 
a substantial «-component was constantly present. The increase during 
lipaemia was almost entirely confined to the 8-component. The £-lipoprotein 
band in the untreated blood of rabbit C ran consistently about 10% in advance 
of that of the other animals, examined in parallel with it. In all cases the 
B-lipoprotein maximum judged by staining, or by cutting the paper trans- 
versely and estimating the cholesterol eluted from each section with acetone, 
ran slightly in advance of the £-globulin maximum as determined by azocar- 
mine staining. 

Duration of lipaemia. The histories of five animals (A, B, C, D, #,) during 
the decline of the lipaemia induced by 6-17 weeks on diet B, and of two animals 
(G, H) during an acute bout of lipaemia (15 days on diet B) are shown in 
Figs. 1 and 2. In the animals which had received excess cholesterol for a long 
time, the decline was very slow. Two animals died before the end of the 
experiment. Rabbit A died when it received a second injection of protamine 
sulphate; rabbit D became pregnant following an escape: in this case the blood 
cholesterol fell more rapidly than in the other animals, to the time of delivery, 
but rose thereafter. This rabbit developed a severe vaginal infection and was 


destroyed. The sample of serum drawn immediately after delivery showed 
15-2 
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a very rapidly moving lipoprotein component, running 25% ahead of that 
from non-parturient controls. Both A and D were found at post-mortem 
to have moderate macroscopic atheroma of the aorta. | b 


Rabbit 8 4 Rabbit Rabbit D Rabbit € 


kg 


10 days 

Fig. 1. Effect of heparin injection (1000 units) upon the distance of migration of the B-lipoprotein ,7 
front during the decline of alimentary lipaemia in rabbits. Lanolin feeding was discontinued 
at the time of the first reading, after the following periods: rabbit A, 40 days; B, 120 days; 
O, 47 days; D, #, 120 days. The change in lipoprotein migration is expressed as percentage 
increase or decrease compared with the pre-injection control run in parallel. 


> 
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Serum cholesterol (mg/ml.) 


Percentage change in 
B-lipoprotein migration 


Lanolin diet 


10 days 


Fig. 2. Effect of heparin injection (1000 units) upon the distance of migration of the f-lipoprotein 
front during 15 days’ lanolin feeding (black oblong). Rabbit G (black columns, black 2 dwiscaaee 
2-0 kg mean wt. Rabbit H (white columns, open symbols) 1:15 kg mean wt. 


Turbidity. Marked turbidity appeared in the plasma of all the experimental 
animals when serum cholesterol concentration exceeded about 1-2 mg/ml. In 
none of the seven rabbits examined was this turbidity cleared, either by 
heparin injection or by addition of active guinea-pig clearing factor in vitro. 
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_ There was, likewise, no progressive reduction in turbidity when lipaemic 
_ rabbit serum was diluted 1:10 (v/v) with active guinea-pig plasma, or when 


active guinea-pig plasma was added to human plasma rendered turbid by 


_ 1 part in 10 (v/v) of lipaemic rabbit serum. This negative result was con- 
_ sistently obtained. The plasma of heparin-injected rabbits was active in 
_ clearing lipaemic human plasma, though somewhat less so than that of 
guinea-pigs after an equivalent dose of heparin. 


Lipoprotein migration. In all the rabbits during lipaemia, heparin injection 


_ produced a substantial but variable increase in the distance of anodic migra- 


tion of the B-lipoprotein front; this effect usually disappeared at serum chole- 
sterol levels less than 1 mg/ml. In some cases, at low serum cholesterol con- 


centration the injection of heparin appeared to retard the front (Figs. 1, 2). 


nce, lipoprotein 
from origin) 
foe] 


front (cm 


Migration dista 


Ww 


0 10 20 30 60 120 


Minutes after injection 


Fig. $. Effect of a single injection (1000 units) heparin on migration distance of £-lipoprotein 


front in lipaemic rabbits; migration distance plotted against time after injection. 


The increase of migration for lipaemic animals was found to be greatest in 
samples taken between 7 and 10 min after injection of heparin, declining 
steadily in later samples over several hours (Fig. 3). The change in position of 
the B-component was accompanied as a rule by a smaller and less constant 
increase in the distance travelled by the a-component. The only change 
apparent in the position of the azocarmine-staining protein bands was a small 
increase in the distance travelled by the albumin front (5%). The magnitude 
of response to the saturation dose (1000 units) varied from animal to animal, 
and in the same animal on different occasions. It bore no simple relationship 
either to serum cholesterol concentration or to dose/weight. A distinct (10- 
12%) increase in B-lipoprotein mobility was found after doses of 5-10 units/kg. 

The addition of heparin solution to lipaemic rabbit serum (200 unit/ml. 
serum) produced no change in the electrophoretic pattern. The addition of 
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guinea-pig clearing factor plasma ¢ im vitro produced an effect inditinguishabe 
from that of heparin in vivo. 


At serum cholesterol concentrations below about 1 mg/ml., injected heparin 
either failed to affect lipoprotein mobility or appeared to reduce it. The action 
of heparin on the «-lipoproteins frequently persisted unchanged. In cases 
where injected heparin failed to enhance lipoprotein mobility, added clearing 


- factor usually produced a slight increase in migration (Table 1). No further 


effect was produced by increasing the dose of heparin. The failure to respond 


TaBxez 1, Action of guinea-pig clearing factor (GPCF) i in vitro upon rabbit 
sera ‘refractory’ to injected heparin 


Migration of 
lipoprotein t (cm 
Experiment Rabbit Control Heparin GPCF = (mg/ml. control) 

16. vi. G 7-0 7-4 76 1-15 
H 6-6 5-7 6-5 0-29 
22. vi. G 75 7-7 7-9 0-61 
25. vi. G 7-2 6-9 7-4. 0-45 
1, vii. E 5-8 6-0 7-0 1-36 
G 4-0 4-0 5-0 1-04 
H 5-5 5-3 7-0 0-49 
13. vii. E 7-0 6-2 75. 0-43 


‘Control’ =rabbit serum before heparin injection. 

‘Heparin’ =rabbit plasma 10 min after intravenous heparin, 1000 units. 

‘GPCF’ =‘control’ serum 0-9 ml. + active guinea-pig plasma 0-1 ml. | 

markers, upon @ single sheet.: 


was not due to the failure of the rabbits to produce clearing factor from 
heparin at low blood lipoid concentration, since plasma samples drawn after 
heparin injection were active against lipaemic samples in vitro and cleared 
human lipaemic plasma. On three occasions (two with rabbit H, one with 
rabbit C) out of seventy-nine experiments, an enhancement of f-lipoprotein 
migration greater than 5% was obtained at a plasma cholesterol concentration 
<0-9 mg/ml. (rabbit H 8%, 0-5 mg/ml.; 50%, 0-33 —s rabbit C 20%, 
0-85 mg/ml.). 

Action of protamine sulphate. Intravenous injection of protamine sulphate 
neutralized the effects of previously injected heparin on lipoprotein mobility 
and abolished the clearing activity of plasma. The effective dose was between 
0-03 and 0-04 gm/1000 units heparin. 

Addition of protamine sulphate to the serum or plasma of lipaemic rabbits 
either before or after heparin injection produced a reduction in the migration 
distance of the B- but not the «-lipoprotein band. In the controls this was 
usually approximately linear in relation to quantity of added protamine, but 
in the heparin-accelerated samples the curve of migration decline was often 
sigmoid, with a change of slope at or about the migration distance of the 
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B-band in the pre-heparin control (Fig. 4). The azocarmine-staining bands were 


shifted only at very high protamine concentrations (Fig. 5a, b). 


Since protamine sulphate is capable of affecting lipoprotein mobility in vitro, 


_ an attempt was made to alter the 8-lipoprotein mobility of the intact lipaemic 


rabbit om vivo. 20 ml. (0-2 gm) protamine sulphate solution was administered 


w > wm 


_ Migration distance, -lipoprotein front (cm) 


Te 


0 1 2 ee 

mg. protamine sulphate % 

Fig. 4. Effect of protamine sulphate in vitro upon rabbit £-lipoprotein migration. Circles, rabbit D; 
squares, rabbit HZ. In each case, protamine sulphate as 1% solution was added to lipaemic 
rabbit serum drawn before (O (1), and lipaemic rabbit plasma, drawn after (@ ™) injection of 
1000 units heparin. Samples were run in parallel: | 


4 intravenously to each of four rabbits in 5 ml. quantities, each injection 


occupying 5 min and being followed by a 5 min interval in which a small blood 
sample was drawn. 20 ml. was also administered to one animal in a single 
slow injection. In no case was any diminution in the f-lipoprotein mobility 
observed. One rabbit receiving divided doses showed an apparent rebound 
phenomenon, accompanied by a 33% increase in migration distance, at 4 hr 
after the last injection. Anaphylaxis has itself, however, been shown (Jacques 
& Waters, 1941; Levy & Swank, 1954) to lead to the release of heparin in 
dogs. | 
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Fig. 5. Effect of increasing amounts of protamine sulphate added to lipaemic rabbit serum 


in vitro. (a) Stained with Sudan Black, (6) same paper stained with azocarmine-B. Left to 
right: marker; control (no added protamine) ; protamine 0-5; 0-9; 1-6; 2-3; 2-9; 5-0 mg/100 ml. 
final concentration. 


DISCUSSION 


It appears from these results that although, as observed by Spitzer (1952), 
rabbit plasma after heparin injection is active in clearing the lipaemic turbidity 


_of dog or human plasma, lipaemic rabbit plasma is not itself cleared either by 


injection of heparin or by exogenous clearing factor, even when contained in 
a large excess of guinea-pig plasma. At the same time, both injected heparin 
and exogenous clearing factor produce electrophoretic changes in rabbit 
hpoprotein mobility, as they do in man; but they do so in the rabbit only under 


conditions of lipaemia, although clearing factor is apparently always produced 
in response to heparin injection. | 
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The reason for the resistance of rabbit lipaemia to clearing by heparin seems 
to lie in the molecules responsible for the turbidity, rather than in other 
constituents of the rabbit plasma, since even a mixture of one part of grossly 
lipaemic rabbit plasma with nine parts of active guinea-pig plasma did not 
show significant clearing, and the addition of human plasma to a mixture of | 
lipaemic rabbit and active guinea-pig plasma is likewise without effect. This 
tells against the possibility that a component of the clearing system, such as the 
plasma acceptor (Anfinsen et al. 1952), is absent from rabbit plasma. Swank & 
Wilmot (1951) have suggested that heparin clearing factor produces its 
effect. by release of phosphatide, similar to that which takes place when 
heparin acts on the thromboplastic protein of beef lung (Chargaff, Ziff & 
Cohen, 1940), since there is evidence that, in man, it is the cholesterol/ 
phospholipid ratio which determines the optical density of the plasma after 
fat feeding (Ahrens & Kunkel, 1949). This ratio was not investigated in the 
present experiments. It has been previously reported (Ahrens, 1950) to be 
higher in cholesterol-fed rabbits than in the normal man. On the other hand, 
the failure of the lactescent material to dissolve even in excess of active 
guinea-pig plasma suggests that lack of available phosphatide is not the main 
cause of its resistance. The findings of Levy & Swank (1954), who report 
increased esterase activity in dogs, and Spitzer (1952), who found no increased 
lipase in rabbit serum, after heparin injection, may perhaps suggest a new line 


of study. 


The lipoprotein-accelerating action of heparin clearing factor is evidently 
independent of its clearing action. Whether it is also independent of the redis-— 
tribution of ultracentrifuge fractions described by Graham et al. (1951) cannot 
be inferred from the results reported in this paper, since there is some evidence 
that their strain of rabbit was more responsive to heparin than were the 
mongrels used in the present case, or the NIH strain (Anfinsen et al. 1952). The 
rabbit is apparently protected to some extent against dietary atherosclerosis 
by heparin injections (Graham et al. 1951). Definite lipoprotein acceleration 
by injected heparin occurred after doses as low as 5 units/kg. The mean increase 
in migration distance after this dose (seven experiments) was 11-2%. This 
effect is more sensitive than the production of clearing in lipaemic dog plasma. 
A dose of 20 units/kg injected in the rabbit is the least detectable as clearing 
factor by its action on dog plasma (Swank & Wilmot, 1951). 

It appears that the electrophoretic response of rabbit lipoprotein to clearing 
factor, measured by the paper method, disappears at low lipoprotein con- 
centrations, though the plasma is still active. In the guinea-pig, which can 
only be made lipaemic with difficulty, injected heparin normally fails to 
accelerate the very small f-lipoprotein component, but with prolonged lanolin 
feeding it was possible to raise the plasma lipoprotein to a level at which 
acceleration took place. This was reached at or about 1 mg cholesterol/ml. 
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serum, as in the rabbit. Although new types of molecule, separable by ultra- 
centrifugation, are reported to appear in rabbit plasma with increasing lipaemia 
(Graham et al. 1951), the loss of response to injected heparin at low lipoprotein 
concentrations is probably a concentration effect rather than evidence of the 
disappearance of a molecule group, for the following reasons: (1) in the paper — 
electrograms of plasmas whose f-lipoprotein had undergone acceleration by — 
heparin, diligent photographic and electrophotometric study never revealed 
any trace of a second, unaccelerated component representing the ‘normal’ 
rabbit B-lipoprotein; (2) if lipaemic plasma is diluted with active, non- 
lipaemic plasma, the presence or absence of increased f-lipoprotein mobility 
in the mixture depends on the final lipoid concentration, not on the degree of 
lipaemia in the lipaemic sample: when lipaemic serum is diluted below the 
critical concentration, there is little or no increase in f-lipoprotein migration. 
Lever, Smith & Hurley (1953) have recently reported lack of electrophoretic 
response to injected heparin in some human subjects. It is possible that the 
absolute B-lipoprotein concentration is the critical factor in man also. 

The rabbit is a convenient source of highly lipaemic plasma, but there is 
now abundant evidence of its unsuitability as a test object for the optical 
clearing effects of heparin. 


SUMMARY 

1. Lipaemic serum of rabbits fed upon lanolin is not cleared by injected 
heparin, or by added exogenous clearing factor. 

2. Both injected heparin and exogenous clearing factor produce a marked 
increase in the electrophoretic mobility of rabbit B-lipoprotein in — 
and a less constant increase in a-lipoprotein mobility. 

3. This increased mobility is absent at low blood-lipoid concentrations, 
although at these concentrations clearing factor is still produced after heparin 
injection. 

4. The increased mobility of lipoprotein causes a demonstrable change in 
the appearance of the electrophoretic pattern in the lipaemic rabbit after 
intravenous injection of as little as 5 units/kg heparin. 

5. Heparin is without effect upon the electrophoretic mobility of rabbit 
lipoproteins in vitro. Protamine sulphate reduces the mobility of the B-com- 
ponent in vitro but not in vivo. 


This research was carried out with the aid of a personal grant from the Nuffield Foundation. 
I am indebted to Messrs Evans Medical Supplies for a gift of heparin and protamine sulphate. 
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RELATIVE EFFICIENCY OF PIGMENT AND HORNY LAYER 
THICKNESS IN PROTECTING THE SKIN OF EUROPEANS 
AND AFRICANS AGAINST SOLAR ULTRAVIOLET RADIATION* 


By M. L. THOMSON} | 
From the Department of Applied Physiology, London School of Hygiene and 
Tropical Medicine, and the Hot Climate Physiological Research 
Laboratory, Oshod1, Lagos 


(Received 25 May 1954) 


The demonstration by Finsen (1900) that the skin of Europeans reacted to 
exposure to ultraviolet rays by producing pigment (tanning) and his deduction 
that melanin protected against these rays by absorbing them superficially 
appeared satisfactory until Guillaume (1926) and Miescher (1930) showed by 
studies on albinos and others with defective pigmentation that thickening of 
the stratum corneum was a much more important protective adaptation than 
pigmentation in white-skinned persons. 

Pigment has been alleged to protect against visible rays (Bauwens, 1935; 
Goldsmith, 1936; Guillaume, 1926), against penetrating heat rays (Bauwens, — 
1935; Meyer & Kirchoff, 1932) and against ultraviolet rays (Finsen, 1900; Hill, — 
1934; Rollier, 1927). | 

From the point of view of thermoregulation at high environmental temper- 
atures, a proven disadvantage of the Negro skin is that it reflects less, and 
therefore absorbs-appreciably more (up to 36%) of solar radiation (Heer, 
1952; Martin, 1930) than the white-skinned race. According to Aron (1911) 
this greater absorption of solar rays was an advantage because the temperature 
of the coloured skin was thereby more rapidly raised, stimulating the earlier 
onset of sweating. Since the relatively greater absorption of heat would, how- 
ever, continue throughout subsequent exposure to the sun’s radiation it would 
seem that a high price had been paid for a dubious initial advantage. The 
coloured skin does not reradiate more infrared radiation than the white (Hardy 
& Muschenheim, 1934); both skins behave virtually as black bodies for skin 
temperature radiation. 


of De in the University of London. 
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Thus it is perhaps not surprising that Blum (1945) concluded that it was 
hard to demonstrate any advantage in the increased melanin content in 
coloured skins. Nevertheless, the undoubted relationship between geographical 
distribution of pigmentation and insolation (Fleure, 1945) required explanation 
as well as the observed higher threshold of the Negro skin to erythemogenic 
ultraviolet radiation (Hausser & Vahle, 1927; Miescher, 1932). It had also 
been shown (Thomson, 1951a) that when a West African Negro and a 
European were exposed to the same intensity of ultraviolet radiation, the 
resulting erythema was accompanied by reduction of sweating only in the 
white person, indicating that the Negro was less susceptible to this adverse 
effect of the radiation. | 

In view of the predominant role played by thickening of the stratum 
corneum in the development of protective adaptation in Europeans it was 
suggested (Blum, 1945) that the Negro’s greater relative immunity might be 
explained if he possessed a thicker stratum corneum than the European. In 
attempting to answer these questions it was decided to investigate, first, the 
relative inherent thickness of the stratum corneum in Africans and Europeans 
and, secondly, the relative transmission of solar ultraviolet light through this 
layer in the two races. : 


METHOD 


Horny layer was obtained for both thickness and transmission measurements by blistering with 
cantharides (B.P.c.) and, after removing the blister ‘skin’ with fine scissors, dissecting off the 
remains of the cellular layers with a fine camel-hair brush (Thomson & Sutarman, 1953). The 
specimens, which varied from 8 to 16 mm diameter, were mounted on glass slides and kept moist 
with distilled water. | 

Since high individual variability was expected it was thought better to concentrate on one body 
site and the hip was chosen, | in. behind the great trochanter, for the following reasons. Human 
skin reacts to most forms of injury, as well as ultraviolet radiation, by thickening of the horny 
layer and increased pigmentation. In this study of inherent qualities of this layer, therefore, these 
sources of variability had to be minimized as far as possible. The hip was normally covered by 
clothes in both races and therefore screened from solar ultraviolet rays. It lay outside the area of 
contact when sitting. In this way previous thickening from friction was minimized as well as 
discomfort after blistering. 

Measurement of thickness 

The ordinary methods of preparing stained sections were not adopted since they reduced the 
corneum to a wispy indefinite layer unsuitable for such measurement and would probably alter 
its thickness. The specimens were cut at right angles to the surface and the width of the cut 
surface was ascertained directly at 0-2 mm intervals using oblique illumination and linear eye- 
piece micrometer. The estimated accuracy was +7}%. 

Transmission of ultraviolet radiation ' 
The moist specimens of horny layer on quartz or filter glass were mounted against selochrome 


photographic plates so that the specimens were in close contact with the plates which were then 
exposed to filtered ultraviolet light from a Kromayer quartz mercury-vapour lamp. After 


2 developing the plates the densities beneath and around specimens were ascertained by photo- 


meters of photo-electric and integrating sphere types. 
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Transmission (7) was obtained from derisitometric measurements of the photographic plates 
as follows, Where D, and D, are the densities at specimen and background respectively, J, and I, 
are the corresponding light intensities and the plate was developed to a contrast y, where 
y =d(D)/d (log J), then, assuming that the exposures were confined to the nearly linear part of 
the D-log I graph, we have — where J =a constant multiplied - e/”, 

Hence 77 =e?8/e8, 


RESULTS 
Thickness of horny layer 
Horny layer specimens were obtained from 22 European and 29 African 
subjects of whom 17 Europeans and 20 Africans were nursing orderlies and the 
remainder staff or laboratory workers. The Africans were mainly Ibos, but 
included men from most of the Nigerian tribes. 

The terminal portions of pilo-sebaceous follicles and eccrine sweat gland 
ducts can always be clearly seen projecting from the under surface of such 
preparations of corneum (Thomson & Sutarman, 1953). Although the clean 
appearance of these rudiments in the present specimens indicated that all 
traces of epidermal cellular layers had been removed, one piece of blister skin 
was dissected over half of its surface, mounted in egg albumen, sectioned and 


Tas_z 1. Thickness of stratum corneum in Europeans and Africans; variation within 
individuals compared with that between individuals 


Source of Sums of Degreesof Mean Variance 
variation squares freedom $$ square ratio 
Europeans Between persons 56-8967 21 2-7094 13-980*** 
Within persons 32-1708 166 01938 
Total ‘ 187 ses 
Africans Between persons = 191-3343 28 6-8334 22-149*** 
Within persons 117-5420 381 0-3085 . 
Total 409 


*** Significant at 0-001 % level. 
Note, Analyses of variance were carried out for convenience in the arbitrary units (u/4-255) 
in which the measurements were made. 


stained in order to ascertain the completeness of separation. It was found in 
this way that only infrequent discrete, flat collections of cells remained on the 
dissected portion which may have been integral parts of the sweat gland ostia. 

It was anticipated that in the hydrophilic stratum corneum the thickness 
would be affected by the humidity of the atmosphere and by the interval 
between removal and measurement. The rainy season in Nigeria ensured a high 
and relatively constant humidity (c. 28 millibars). It was found that specimens 
of corneum from three subjects showed a mean contraction of the order of 10% 
while adjusting to atmospheric humidity during the first 5 hr after removal 
and that thereafter thickness remained practically constant. 

Analysis of variance (Table 1) shows significant variation between indivi- 
duals in both Europeans and Africans so that, in view of the differences in 


numbers of observations contributing to individual means, the ‘t’ test was 
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subsequently carried out between individual means. The mean thickness of 
horny layer for Kuropeans was 9-51 and that for Africans was 11-13. The 
difference between these means, 1-62, was 1-929 times the standard error of 
the means (0-840). For the associated degrees of freedom (49), t= 2: at 
the 5% level; the difference is therefore not significant. 

In addition to the contraction due to drying described above, the method 
- here used probably underestimates the true thickness because of stretching 
beyond its elastic limit of the roof of the. blister during formation. If it be 
assumed that increase in area;during blister formation measures reduction in 
thickness and that the blister had the form of a spherical cap it can be shown 
that percentage change in thickness = 100 h?/d?, where A is the height and d the 
radius of the blister. The height and radius of the largest blister were c. 2 and 
8 mm and those of the smallest blister were c. 1-5 and 4 mm, giving reductions 
— in thickness of the order of 6 and 14% respectively or a maximum difference 
between the two of 8%. The size of these blisters was not recorded, but those 
of the Africans were on the whole larger than Europeans. Thus the difference 
between the two races, which almost reached the 5 i level of significance, was 


‘Transmission of solar ultraviolet radiation 


As soon as the specimens of African corneum had been exposed it was 
observed that pigment was undoubtedly present in this layer. The depth of 
colour varied from grey to black but was always darker than the more homo- 
geneous European group. 

Fig. 1 is a print of a photographic sia ohtalaed by exposure to filtered 
ultraviolet radiation (3000-4000 A) through twelve specimens of corneum 
(3 Europeans and 9 Africans). Skin grooves and pilo-sebaceous follicles can be 
seen in most specimens in this figure; these and the eccrine sweat gland ostia 
were Clearly visible under low-power magnification throughout the entire 
surface of the actual specimens indicating complete separation from under- 
lying layers. The mean transmission for 18 Europeans (64-24 % ;8.D. = + 9°19%) 
was found to be 3-5 times greater than that for 7 Africans (18-48%; 
8.D.= +7°22%); the distributions did not overlap and the difference between 
the means was obviously significant (Fig. 2). 

These plates were obtained in Nigeria within a few hours of blistering and 
almost certainly give the best estimate of transmission in the solar ultraviolet. 
The Chance’s glass filter used, however, transmitted the strong mercury 
vapour line at 3650 A in addition to the erythemogenic lines at 2950-3150 A; 
moreover, the photographic emulsion was more sensitive to the ultraviolet 
radiation of longer wavelength at 3650 A. 

It is difficult to isolate the solar erythemogenic zone precisely but, after 
returning to England, a proportion of the specimens (2 Europeans and 
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5 Africans) was rephotographed by the same method using a chemical filter 
combination in place of Chance’s glass. Two quartz cells were mounted in 
series in the light beam containing 1cm each of the following solutions: 
(1) NiSO,.6H,O, 350 g/l.; CoSO,.1H,O, 100 g/l., (2) CuSO,.5H,0, 15 g/l. 


It was fois by spectrographic measurement that this arrangement trans-— 


mitted the erythemal rays but excluded the line at 3650 A. 


Fig. 1, Print of plate exposed to filtered ultraviolet radiation (3000-4000 A) through twelve 
specimens of corneum (3 Europeans (#) and 9 Africans (A)). 


Table 2 gives transmission data for the erythemal zone for 2 Europeans and 
5 Africans. In view of the possible effects of the three and a half months’ 
interval between removal and measurement, the transmission of total solar 
- ultraviolet radiation obtained simultaneously, using the original Chance’s 
glass filter, has also been inserted in Table 2 for comparison. The general 
increase in transmission at the 3000-4000 A range may have been due to 
failure to reconstitute the specimens to their original humidity (Bachem & 
Reed, 1929). As would be expected, narrowing of the range from 3000-4000 to 
2900-3400 A has caused a general reduction in transmission. The gap is never- 
theless still present between the two races, and, although the number of 
experimental subjects is small, there is evidence that the Europeans transmit 
appreciably more erythemal, as well as total solar ultraviolet radiation. This 
was confirmed by a study reported later in this paper of erythema production 
on living skin through these specimens. 


Tal 


4 
Ini 
“ig 
4 
> AS 
| 
% 
4 
t 
Md 
xe 
ef 
4 a 
Pr: t 
i 
3 
{ 
a 
4 
4 
3 
a 
3 
i 


SKIN PROTECTION AGAINST SUNLIGHT 241 


Tapix 2. Transmission of erythemally active and total solar ultraviolet radiation through 
specimens of corneum 4 monthe-after removal by blistering from the hip and, in one case, 


the arm 
Transmission (%%) 
2 Mean total 
Erythemogenic rays Total solar ultraviolet rays Mean solar 
(2900-3400 A) (3000-4000 A) ultraviolet 
Plate... 12 13 14 9 10 11 — seis 
Initials of Europeans 
T.H. 59 48 49 81 71 60 52-0 70-7 
J.E. 46 54 
T.H. (arm) (16) (21) (25) (51) (43) (28) (21-0) (41-0) 
Initials of Africans 
P.A. 10 11 10 28 14 13 10-3 18-3 
M.A. 19 22 29 53 50 29 23-3 44-0 
F.R. 12 14 ll 33 16 27 12:3 25-3 
B.E. 25 28 28 49 49 39 27-0 45-7 
W.M. 29 32 (45 30 30)* 31-3 38-4 
(50 34 41) 
Mean Africans 20-84 «(84-34 
8.D. of the means +9-18 +11-81 


* Two measurements on a long specimen. 


Relative contribution of pigment and corneum thickness to transmission 

Although their thickness was known, the length of the path taken by light 
through these specimens could not be determined because of scattering and, 
under these circumstances, the absorption coefficient could not be validly used 
to separate the thickness factor from others responsible for variations in 
absorption. The statistical approach was therefore applied by plotting thickness _ 
against transmission in 7 Europeans and 18 Africans for which both measure- 
ments were available (Fig. 2). In view of the possibility of selection the 
difference between the mean corneum thickness for the two races in these 
smaller groups was again tested and gave t= 1-996. with difference between 
the means =2-16 + 1-083). This ¢ value was less than that required 
for significance at the 5% level (t= 2-064). 

The correlation between thickness and transmission for Africans (r = — 0-797) 
was found to be very high and significant at the 0-1% level; the regression of 
transmission on horny layer thickness, y = 51-807 —3-107z has been drawn in 
Fig. 2. 

The relation between transmission and thickness is in fact exponential; 
transmission, for example, should be 100% at zero thickness and at high 
_ thickness values it should approach, but not equal, zero. Nevertheless, it was 
certain that the line best fitting the present data could not be shown to differ 
significantly from a straight line, which appears to serve well in the range of 
thickness covered by this investigation. 


It will be seen from Fig. 2 that although differences i in corneum thickness 
16 PHYSIO. CXXVII 
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account for part of the variability in transmission in Africans, they do not 
explain the marked difference between the two races. 

The cause of the racial difference in transmission per unit thickness cannot 
be definitely assigned but the following evidence indicates that pigment was 
mainly responsible. The corneum of the albino African (8.A.), which resembled 
the European specimens visually with regard to absence of pigment, belonged 
to the European group in transmission per unit thickness. The percentage skin 
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Thickness of horny layer (1) 


Fig. 2. Variation of transmission of solar ultraviolet light (3000-4000 A) through the corneum 
against thickness of this layer. Europeans, © ; Africans, x. Regression line for Africans only. 
The numbers in parent/eses after initials are percentage reflectances for blue light on the 
forearm. 


reflectance for six Africans including the albino, 8.A. (Evans Reflectance 
Spectrophotometer, forearm, blue light) is given together with their initials in 
Fig. 2. The relation between reflectance and skin colour is complicated, and it 
is only in a pigment such as melanin, which absorbs fairly uniformly through- 
out the visible range, that reflectance measured in this way is inversely pro- 
portional to the darkness, and thus to the pigment content of the skin. The 
reflectance of the albino (21%) is of the same order as Europeans (Edwards & 
Duntley, 1939), and more than twice as great as the remaining closely grouped 
Africans. 

The numbers concerned are too small to conclude with certainty that the 
deviations of transmission from regression are caused by pigment content of 


the skin but it is of interest that the African with the lowest reflectance (F.R.) 


shows a transmission (9°) which is less than half that expected on the basis 
of the thickness of his stratum corneum. The next lowest African (M.A.) is 
3% below expectation. The remaining three Africans with reflectance of 8% 
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_are on, or above, the regression line. These measurements are, therefore, con- 


sistent with the theory that differences between the two races in transmission 
per unit thickness, as well as scatter of Africans about the regression line, are 
caused by differences in pigmentation. 


4 


Fig. 3. Erythema produced by the sun on living skin through pieces of corneum; photograph, 
3 days after exposure. After initials of subject, H =European and A = African. 


Production of erythema on living skin through specimens of stratum corneum 

Eight specimens of corneum, of which five were African and three European, 
were mounted in a moist state on living skin of the upper arm which was then 
exposed to the sun in Nigeria. Fig. 3 shows the appearance of this area 3 days 
after exposure. 

This black and white photograph gives only an approximate indication of 
the colour contrast actually obtained. Darkness under specimens is, however, 
generally correlated with penetration of erythemal rays as evidenced by the 
degree of erythema, oedema and hyperaesthesia which developed 
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_ Allspecimens protected the living skin to some extent against erythemogenic 
radiation. The two Europeans, B.A. and L.A., permitted greatest penetration 


of this radiation. The somewhat pigmented specimen from the arm of the 


_ European, T.H. (the only corneum sample not removed from the hip), and the 
African, B.E., were roughly intermediate between the Europeans and the dark- 
skinned Africans, G.O. and P.A. The protection afforded by the albino speci- 
men, 8.A., was greater than expected on the basis of transmission; this may 
have resulted from greater moisture content or departure from normal incidence 


of sunlight. 
DISCUSSION 


The complicating phenomena of scattering, reflexion and ace must be 
considered in transmission studies through a non-homogeneous medium such 
as horny layer. From the viewpoint of racial comparison of the efficiency of 
the stratum corneum as a defence mechanism against solar radiation, however, 
it does not matter whether light is reflected, scattered or truly absorbed, 
provided measurement includes all transmitted light which reaches the under- 
lying layers. In the present method scattered light was measured together 
with direct light since the horny layers were in contact with the photographic 
emulsion. Fluorescence, if present, might have caused an overestimate in 
transmission. This point was not specifically investigated here, but Bachem & 
Reed (1931) were unable to measure any fluorescence produced in human skin 
in a similar investigation. 

Blister skin has frequently been used in the past for investigation of trans- 
mission of light through human skin (Bachem & Reed, 1931; Hardy & 
Muschenheim, 1934; Hasselbalch, 1911) and it is surprising that the possibility 
of obtaining clean sheets of stratum corneum in this way has not been 
previously realized. Immediately beneath this layer lies the stratum granu- 
losum which is the seat of damage from ultraviolet radiation and, therefore, 
the mechanisms protecting against injury from these rays must be sought in 
the superficial horny layer, 

Measurements reported above of the thickness of the stratum corneum on 
reasonably large samples of Africans and Europeans have not shown a 
significant difference between the two races. Variation in thickness between 
individual Africans was highly significant and, as indicated above, this partly 
accounts for variations in transmission between Africans as shown by the 
regression of transmission on thickness (Fig. 2). This regression also confirms 
that the observed difference between Europeans and Africans must be 
explained by some factor other than thickness of the corneum. 

Evidence has been provided above that pigment may explain racial 
differences in transmission. Thus the stratum corneum of an African albino 
had a transmission per unit of thickness resembling that of the Europeans. 
Skin reflectance measurements indicated that the range of intensity of 
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pigmentation was small among Africans and that a wide gulf existed in this 
respect between Africans and Europeans. These figures confirmed visual 
estimates of the relative blackness of the Africans’ skins. Again the albino’s 
reflectance placed him among the Europeans; the order of the reflectances of 
the remaining Africans was consistent with the theory that pigment accounted 
for deviations from regression of transmission on thickness. 

Thus it would appear that skin pigmentation is mainly responsible for con- 
ferring relative immunity to solar ultraviolet radiation on the African. 
Evidence has been given that pigment protects against erythemal rays which 
are known to be capable of causing thermal type blister burns and interfering 
with thermoregulation (Thomson, 19516). In a wider sense the need for pro- 
tection against this zone of radiation may account for the presence of pigment 
in the coloured races, its value for this purpose being such as to more than 
compensate for its disadvantage in absorbing more radiant energy from the 


§un. 


SUMMARY 

1. Specimens of stratum corneum obtained by blistering skin with 
cantharides have been used to compare the relative contributions of thickness 
and degree of pigmentation in protecting Europeans and Africans against solar 
ultraviolet light. | 

2. The mean thickness of the stratum corneum of the hip in European and 
African hospital orderlies and laboratory staff was found to be 9-5 and 11-1p 
respectively in the two races~The difference between means (1-6) was not 


significant (s.Z.= + 0-84,). 


3. The inherent transmission of soles ultraviolet radiation (3000-4000 A) 
by the photographic method was on the average more than 3 times as great in 


_ Europeans (64%) as in Africans (18%); the distributions did not overlap. 


4. The greater opacity of this layer in Africans was confirmed by exposing 
living skin to natural sunlight through specimens of stratum corneum from 
both races; the resulting erythema was stronger under European specimens. 

_ 5. A highly significant correlation was found between transmission of solar 
ultraviolet light and horny layer thickness in Africans. Nevertheless, regression 
of transmission on horny layer thickness confirmed that some factor or factors 
other than thickness of this layer must account for the differences in trans- 
mission between Africans and Europeans. Evidence that skin pigment was 
mainly responsible for the racial difference was provided by skin reflectance 
measurements, and by an albino African whose transmission lay in the 


European group. 


The author’s gratitude is due to Prof. G. P. Crowden, to Dr W. 8S. 8. Ladell, and to the Colonial 
Medical Research Committee who defrayed expenses of his visit to Nigeria. The Director-General 


_ of Army Medical Services and Lt.-Col. A. L. Pennefather, R.A.M.C., arranged for the experimental 
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subjects. The skin reflectance data were obtained by Dr N. A. Barnicot of University College who 
kindly permitted their reproduction here. Dr P, Armitage of the Medical Research Council’s 
Statistical Research Unit carried out the analysis of variance. 
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INSULIN-LIKE EFFECT OF ANTERIOR PITUITARY EXTRACT 
IN ACCELERATING THE TRANSFER OF GLUCOSE ACROSS 
THE BLOOD-AQUEOUS BARRIER 


By E. J. ROSS 


From the Medical Unit, University College Hospital Medical School, 
London, W.C.1 


(Received 21 June 1954) 


Acceleration of the rate of transfer of glucose from the plasma to the aqueous 
humour has been demonstrated in the rabbit following the injection of insulin 
(Ross, 1952). Insulin-like and insulin-antagonistic actions of growth hormone 
have been described and are discussed by Krahl (1951), Young (1953) and 
de Bodo & Sinkoff (1953). It seemed of interest, therefore, to determine the 
effect of growth hormone upon the rate of transfer of glucose across the blood- 
aqueous barrier of the eye. In addition, previous work on the influence of 
insulin upon the permeability of the barrier to glucose has been repeated, using 
a different preparation of insulin. ; 


METHODS 


Rabbits (2-0-2-2 kg), anaesthetized with pentobarbitone sodium, were used as test animals. The 
general experimental procedure employed to determine the transfer constant has been described 
elsewhere (Ross, 1952). In Expts. 1-6 a priming dose of 2 or 10 units of insulin (Novo Laboratories) 
was given 1 hr before the blood sugar was elevated suddenly by the rapid intravenous infusion of 
6% glucose. An alkaline extract of fresh ox pituitary tissue was used as a source of growth 
hormone, This extract was prepared by Prof. F. G. Young and has been shown by him to contain 
2-7 mg of growth hormone per ml. (Young 1941, 1953). In Expts. 7 and 8, 2 ml. of crude growth 
hormone were administered subcutaneously 24 hr and again 3 hr before the commencement of the 
experiment. In Expts, 9 and 10, 2 and 10 units respectively of Novo insulin were administered 
1 br before the experiment began, in addition to pre-treatment with growth hormone as described 
above. 


RESULTS 


Mathematical treatment. The rate of penetration of glucose has been assessed 
by determining the rate of accumulation of glucose in the aqueous humour of 
the anterior chamber of the eye when the concentration in the plasma is 
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maintained constant over a convenient time interval at a level considerably 
higher than that of the aqueous humour. The transfer constant is expressed as 


in — C4) 
a) 
where C,, and C,, = concentration of glucose in the aqueous humour and plasma- 
water respectively; =the ratio C,/C,, when a steady-state has been achieved 
(=0-85 in the case of glucose); t=time, expressed in min; the subscripts 
0 and 1 refer to the beginning and end of the experimental time period. 

Since it is difficult to maintain a constant blood sugar level in animals which 
have been treated with insulin, the value of k,,, was obtained by employing 
equation (1) in the form rAC, 


ar 


The integral in this equation was obtained by plotting C,, and C, against time 
and measuring the area between the curves. The transfer constant had 
previously been found to be independent of the plasma glucose level (Ross, 
1952), 

Experimental results. Values of the transfer constants for glucose calculated 
from the experimental data are given in Table 1. 


TaB_eE 1. The transfer constant of penetration of glucose across the blood-aqueous barrier 
(k,,,.) in rabbits following the administration of insulin, anterior pituitary extract or both 


Expt. Pre-treatment 10°%,,, min-* 
1 2 units Novo insulin 4-2 
2 2 units Novo insulin 3 4:8 
3 2 units Novo insulin 4-7 
4 ~ 10 units Novo insulin 2°35 
5 10 units Novo insulin 1-6 
6 10 units Novo insulin 2-9 
7 Anterior pituitary extract (4.P.z.) alone 5-6 
8 Anterior pituitary extract (4.P.z.) alone 5-1 
9 A.P.E. +2 units insulin 4:8 

10 A.P.E. + 10 units insulin 4:9 
Effect of insulin alone 


The transfer constant for glucose in the untreated rabbit had been found 
previously to have a mean value of 1-89 + 0-36 x 10-* min- (s.z. of mean of 
10 expts.). When one unit of exogenous soluble insulin was injected intra- 
venously into the rabbit the transfer constant for glucose rose to a value of 
4-7x10-* (mean of 3 expts.). With 2 units of soluble insulin a value of 
5-9 x 10-* was obtained. When 10 units of soluble insulin were injected, the 
surprising finding was made that the transfer constant was reduced to 
2-3 x 10-* (mean of 3 expts.) (Ross, 1952). This work has now been repeated 
using insulin prepared by the Novo Laboratories which is stated to be free of 
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contamination with glucagon (de Duve, Hers & Bouckaert, 1946). The experi- 
| mental results are similar to those previously obtained. With 2 units of Novo 

insulin the rate of transfer was 4-6 x 10-* (mean of 3 expts.); with 10 units it was 
2:3 x 10-* (mean of 3 expts.). It would appear that the injection of a large 
dose of insulin in the intact animal provokes the release of an insulin antagonist, 
presumably to counteract the severe hypoglycaemia resulting from this dose 
of insulin. The nature of this substance has not been elucidated. —_ 


Effect of anterior pituitary extract 

Pre-treatment of the rabbit with anterior pituitary extract resulted in an _ _ 
acceleration of the Fateiof tranefer. of. glucose into the eye. From a figure of" 
1:89 x 10-* in the ‘nor “animal, the: value. of T to 56x 10-2. and 
5-1x 10-2 in two expériments.in ‘animals treated with anterior pituitary 
extract. When insulin was given in addition to pituitary extract no further 
increase in rate was found, rather a slightly lower figure, k,,, =4-8 x 10-* with 
2 units of insulin, and 4-9 x 10-* with 10 units (both results of single experiments). 


DISCUSSION 


Current interest in the interrelationship of growth hormone and insulin 
prompts the publication of this small series of experiments. It has been 
demonstrated that growth hormone requires the simultaneous presence of 
insulin for its physiological activity in promoting skeletal growth and nitrogen 
retention (Milman, DeMoor & Lukens, 1951). Growth hormone itself has 
been shown to have an insulin-like effect on glucose uptake in rat diaphragm. 
preparations (Krahl, 1951; Ettman, unpublished, quoted by Park, Brown, 
Cornblath, Daughaday & Krahl, 1952; Ottaway, 1953), and to have a hypo- 
glycaemic action in the normal fasted rat (Milman & Russell, 1950; Scott & 
Engel, 1950), in the hypophysectomized rat (Marx, Herring & Evans, 1944; 
Milman & Russell, 1950) and in acutely depancreatized dogs (Kurtz, de Bodo, 
Kiang & Ancowitz, 1951). It is not clear from this work whether these effects 
are due to growth hormone itself or to the liberation of insulin from pancreatic 
island cells, directly or indirectly, or to a release of tissue-bound insulin. It has 
been observed in depancreatinized dogs (Kurtz et al. 1951), but in these 
experiments growth hormone was injected intravenously less than 1 hr after 
the removal of the pancreas, so that the animal would not be free of circulating 
and tissue-bound insulin. Milman & Russell (1950) were unable to obtain a 
hypoglycaemic effect of growth hormone in alloxan-diabetic rats, although 
fasting normal rats became hypoglycaemic within an hour of the administra- 
tion of a large dose of growth hormone. 

The present experiments are too few in number to draw more than very 
tentative conclusions. They show that treatment of the intact rabbit with an 
alkaline anterior pituitary extract increases the transfer constant of glucose 
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across the cellular barrier which separates the blood from the aqueous humour, 
that is, that anterior pituitary extract possesses an insulin-like effect upon 
this test-object. This anterior pituitary extract is known to have a high con- 
tent of growth hormone and the acceleration of the transfer constant of glucose 
is thought to represent an insulin-like effect of growth hormone similar to that 
described with rat diaphragm and other preparations mentioned above. It 
will also be noted that following pre-treatment with anterior pituitary extract, 
the rate of entry of glucose was approximately the same with 2 units of insulin 
as with 10 units, contrary to previous experience with animals not pre-treated 


with anterior pituitary extract. This may indicate that aad hormone does 


of 1-2 units ot bialig The addition of a focrthes 10 units of insulin would be 


expected to set in train the anti-insulin mechanism mentioned rigid and 
reduce the rate of transfer of glucose into the eye. 


SUMMARY 


1. An alkaline extract of ox anterior pituitary, used as a source of growth 
hormone, accelerates the rate of transfer of glucose across the blood-aqueous 


barrier of the rabbit. 


2. The simultaneous addition of insulin causes no further increase in the 
rate of entry of glucose into the eye. 

8. A large dose of insulin does not reduce the rate - entry when given 
concurrently with anterior pituitary extract. This suggests that the insulin- 
like effect of growth hormone is not due to the liberation of insulin from the 
pancreas by the growth hormone. 


This work was performed in 1951 at the Institute of Ophthalmology, London, at the suggestion 
of, and with growth hormone kindly supplied by Prof. F. G. Young, F.R.S. 
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THE DELAY AND BLOCKAGE OF SENSORY IMPULSES IN 
THE DORSAL ROOT GANGLION* 


By F. T. DUN 


From the Department of Physiology and Biophysics, University of 
Washington Medical School, Seattle, Wash., U.S.A. 


(Received 28 June 1954) 


Early in 1876 Wundt reported a delay of sensory impulses in their passage 
through the dorsal root ganglion, but this was denied by Exner in 1877. In 
1889, Gad & Joseph reported the delay again, but it was denied by Moore 
& Reynolds (1898). After the appearance of cathode-ray oscilloscope, 
that enabled Erlanger, Bishop & Gasser (1926) to measure exactly very small 
time intervals, the delay of sensory impulses in their passage through the 
ganglion was again described. But in 1938 the existence of this phenomenon 
was denied, this time by one of its original observers (Erlanger & Blair, 1938). 

The aim of the present series of experiments is to try to clarify these con- 
troversial issues and to determine whether the dorsal root ganglion modified 
in any way the passage of sensory impulses. Besides suffering a delay under 
normal conditions, the sensory impulses are found to be blocked in their 


passage through the dorsal root ganglion during the early relatively refractory 
period of the afferent fibres. 


METHOD 


In most of the experiments the 9th or 10th dorsal root ganglion of the frog (Hyla aurea, Rana 
catesbiana and R, pipiens) was used. These ganglia were dissected intact and in continuity with 
the roots and the trunk. The roots were severed adjacent to the spinal cord. The trunk was either 
cut prior to its entry into the sciatic plexus, or followed into one or several of the branches of the 
plexus, e.g. (1) posterior femoral cutaneous nerve, (2) lateral crural cutaneous nerve, (3) tibial 
nerve, and (4) peroneal nerve (see Ecker, 1881). The fibres of the posterior femoral cutaneous 
nerve have been found to go mainly to the 10th dorsal root, while those of the lateral crural 
cutaneous nerve go mainly to the 9th. The preparations were always scrupulously cleaned to 
remove connective tissue and blood clots. Every effort was made to avoid injury of the preparation. 

In some experiments requiring a small number of nerve fibres the 11th dorsal root ganglion was 
used. This ganglion is very small, lying on the lateral surface of the columella. As a considerable 
segment of its nerve trunk is buried in the coccygeal muscle and as its roots are thin and penetrate 

* Part of the work was carried out in the Department of Physiology, University of Otago 


Medical School, Dunedin, New Zealand, and has been reported as short communications (J. cell. 
comp. Physiol. 38, 131-135, 1951). 
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into the columella to reach the spinal cord, the dissection is much more difficult. It was after long 
practice that intact preparations were obtained. 

The preparations were soaked, as a rule, in Boyle & Conway’s (1941) fluid saturated with 
97% O, and 3% CO,, before observations were begun and during the intervals between observa- 
tions. Platinum electrodes fixed on a mobile carrier were used for mounting the preparation, 


thus enabling the preparation to be lifted from the fluid into paraffin oil for observation without 
any change of the position of the electrodes, The detecting electrode was controlled by a micro- 
manipulator and could be easily and accurately set or re-set at any point along the preparation. 
The potential changes were recorded with push-pull direct-coupled amplifiers and cathode-ray 
RESULTS 
The delay of sensory impulses in the dorsal root ganglion 

The delay of sensory impulses passing through the dorsal root ganglion was 
deduced by Erlanger e¢ al. (1926) from indirect calculations. Assuming that 
the fastest sensory impulses travel at the same rate as motor impulses, they 
compared the arrival times of the two kinds of impulses from the same point 
on the nerve trunk to recording electrodes on the two roots set at equal 
distances from the dorsal root ganglion. The delay of sensory impulses in the 
ganglion was obtained by subtracting the conduction time of the motor 
impulses from that of the sensory ones. 

Their assumption was later disputed by Erlanger & Blair (1938), who 
measured the rate of conduction of sensory impulses directly by recording and 
plotting their times of arrival at many points along the preparation. 

In the present experiments the latter method was used. Thus in Fig. 1A 
there are five records of a single volley of sensory impulses initiated by stimu- 
lating a 9th dorsal root. R, G and N indicate whether the detecting electrode 
- was on the root, ganglion or nerve trunk. The numbers give the distances 
(in mm) between the electrode and the centre of the ganglion. For example, 
R3-81 means that the detecting electrode was on the root 3-81 mm from the 
centre of the ganglion. The distance between the successive recording points 
was made constant (2-54 mm), enabling the records to be placed evenly in 
a vertical column and giving a semi-graphical representation with the time 
base as abscissa and the conduction distance as ordinate. The inclination of 
the two dotted lines indicates the velocity of the volley of impulses along the 
nerve trunk and the dorsal root respectively. The gap between the two dotted 
lines on curve N1-27 shows the delay of the fastest impulse in the volley in 
passing through the ganglion (0-09 msec). 

Erlanger & Blair (1938) were unable to demonstrate the delay in many 
preparations, and did not think the delay a sufficiently constant phenomenon 
to be of physiological significance. However, as they reported, some of the 
ganglia they used were injured, and others had been kept overnight in a 
refrigerator. 

‘The delay of sensory impulses in the ganglion was always evident, provided 
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the preparations were dissected with great care and only those used that were 


not injured in any way. Moreover, the delay no longer appeared following — 


deliberate traumatization of the ganglion. The storage of the preparation in 


a refrigerator has in itself no detrimental effect, if optimum temperature 


Fig. 1. Delay of sensory impulses in dorsal root ganglion. Numbers indicate distance (mm) of 
recording electrode from ganglion centre, and letters whether the electrode was on root (2), 
nerve trunk (N) or ganglion (@). Note equal steps between recording positions (2:54 mm). 
A, dorsal root stimulated ; B, lateral crural cutaneous nerve stimulated; C, same as B, slower 
sweep. Hyla aurea. 


(about 5° C) was used. But the composition of the fluid bathing the prepara- 
tion was of great importance. While a preparation could be kept in good 
condition even for days in Boyle & Conway’s (1941) solution, it degenerated 
overnight in common Ringer’s fluid. The delay of the sensory impulses often 
became very small or undetectable. | ) 
From the velocity of the impulses, the delay in Fig. 1A can be easily 
identified as that occurring in alpha fibres (Gasser & Erlanger, 1927). To 
investigate the delay in beta and gamma fibres, the lateral cutaneous nerve 
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or posterior femoral cutaneous nerve was stimulated. As can be seen in Fig. 1B, 
the beta impulses were also delayed (0-16 msec) in passing through the 
ganglion. Fig. 1C is the same as Fig. 1B, but a much slower sweep was used 
to show both the beta and gamma impulses. The two vertical dotted lines | 
indicate the portion that is shown in Fig. 1B. : 

To measure the delay in gamma fibres, the beta fibres were made either 
non-conductive by applying pressure at a point midway between the stimu- 
lating and recording electrodes or refractory by applying first a conditioning 
shock. The average delays of the three groups of impulses, as calculated each 
from ten selected records (Rana pipiens and Hyla aurea), are 0-093 msec for 
alpha impulses (varying from 0-07 to 0-11 msec), 0-15 msec for beta impulses 
(varying from 0-12 to 0-17 msec), and 0-23 msec for gamma impulses (varying 
from 0-16 to 0-25 msec). 

Since the delay occurred regularly in undamaged preparations and showed 
a close correlation with types of nerve fibres, it appears to be a genuine 
physiological phenomenon. 3 


The change in shape of refractory curves plotted by measuring the height of sensory 
volleys before and after their passage through the dorsal root ganglion 

In discussing the cause of the delay, Erlanger et al. (1926) rejected’ the 
possibility that the impulses were making a detour up and back through the 
process of the ganglion cells. Further, they said: ‘The only normal basis for 
a delay that occurs to us is some hindrance to the passage of the potential 
wave through the point where the centripetal (with respect to the spinal 
ganglion) joins the centrifugal branch, and evidence is lacking for or against 
such a view.’ To see if any evidence could be obtained with regard to the 
_ nature of the hindrance, refractory curves of sensory and motor impulses were 
recorded at various points before and after their passage through the ganglion. 

In Fig. 2, the refractory curves A, B and C were obtained when the dorsal 
root was stimulated. A was recorded at a point on the dorsal root just proximal 
to the ganglion, and B on the nerve trunk at a point just distal to it. C was 
recorded at a point further distal to B. The refractory curves D, E and F were 
obtained when the ventral root was stimulated. D was recorded at a point 
proximal, and E, F at points distal to the ganglion. Each refractory curve is 
constructed by superimposing many single sweeps, with each single sweep 
representing a different time interval between the conditioning and testing 
stimuli (Dun, 1954). 

In the column of refractory curves for sensory fibres, there is a sudden 
change in shape between curves A and B. In A the sensory fibres are shown 
to recover as fast as the motor fibres (cf. curves D, E and F). But in B and C, 
when the sensory impulses were recorded after their passage through the 
dorsal root ganglion, the fibres seemed to recover much more slowly. The 
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refractory curves of the motor nerve fibres (D, E, F) show no other change 
than what is expected from the increasing distance of conduction. 

Similar records were obtained first by Amberson & Downing (1929) and 
later by von Briicke, Early & Forbes (1941). The latter authors clearly 
recognized the passage of sensory impulses through the dorsal root ganglion 
as a necessary condition for the change of refractory curve, without, ee! 
identifying the mechanism underlying this change. 


Ind. 


Fig. 2. Change of refractory curve of sensory impulses after passing through dorsal root ganglion. 
Arrangement of stimulating and recording electrodes for corresponding curves shown below 
each column. Note sudden change in shape between refractory curves A and B. Hyla aurea. 


The cause of the delay of sensory impulses and the change 
of refractory curves 
feces the all-or-nothing law of the normal conducted impulse the corollary 
can be derived, that the energy represented by each impulse is of a limited 
quantity (Lucas, 1917). Part of the energy is used to excite the next segment. 
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When an impulse is conducted to a point such as the T-shaped branching of 
| the sensory nerve fibres in the dorsal root ganglion, the excitatory current 

produced by it has to be divided between the unipolar process of the sensory 
cell and its other branch. Although the presence of a large safety factor 
(Hodgkin, 1937; Tasaki, 1939) ensures that the sensory impulses can be con- 
ducted through the dorsal root ganglion, the simultaneous initiation of 
impulses in the unipolar process and its other branch may require a longer 
time. The delay of normal sensory impulses in the dorsal root ganglion may 
be a natural consequence of the strength-duration relationship of the stimu- 
lating current, here the current produced by an impulse in the pre-bifurcation 
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Fig. 3. Diagram showing blockage of early ‘refractory’ impulse at bifurcation point of a nerve 
fibre. Ordinates: left upright (excitability) for curves A and B, right reversed (energy) for 
curves C and D. Abscissae: time after arrival of conditioning impulse at bifurcation point. 
With conduction distance under consideration reduced to minimal and with no delay at 
bifurcation point, recovery of excitability in both pre- and post-bifurcation segments would 
be represented by curve A. As conditioning impulse is delayed at bifurcation point, the curve 
of excitability in post-bifurcation segment is shifted from A to B. C, total amount of energy 
recovered in pre-bifurcation segment. D=}C, amount of energy available to excite each 
branch. a-b, interval of blockage. a’—b, interval during which the branches should be able 
to conduct impulse if stimulated adequately. a and a’, assumed beginning of relatively 
refractory period in pre- and post-bifurcat:-— --*ments respectively. 


Fig. 3 illustrates the situation during the refractory state of the nerve fibre. 
In this figure there are two sets of curves, one reversed and one upright. The 
abscissae of both represent one and the same time interval. At point O the 
pre-bifurcation segment of a nerve fibre is assumed to become absolutely 

17 PHYSIO. CXXVII 


> 
ve 
a 
J 
2 
WY 
= 
ald 
4 
> 
4 
; 
5 
4 a 


258 F. T. DUN 


refractory after conducting an impulse. As the exact mechanism by which 


a nerve fibre recovers from its refractory state is still unknown, the whole 
process is here regarded simply as a recovery of lost energy and is represented 
by curve C. It is assumed to begin with the absolutely refractory period. 
During this period, the recovered energy enables the nerve to produce only 
a subthreshold or local response on strong stimulation. 

With the beginning of the relatively refractory period, which is arbitrarily 
chosen as being at point a, propagated impulses first appear. It is only from 
now on that the nerve can be said to have a measurable threshold (Rosen- 
blueth & Luco, 1950), the reciprocal of which (i.e. excitability) is represented 
by curve A. The safety factor of an impulse at any moment during the 
relatively refractory period is represented by the ratio between the distances 
as measured perpendicularly from the corresponding point on the upper time 
scale to curves C and A respectively. 

The recovery of excitability of the post-bifurcation segment is represented 
by curve B. Its time course is assumed to be the same as in the pre-bifurcation 
segment but starting a little later, due to the delay of the conditioning 
impulse. From point a’ onward this segment will be able to produce a pro- 
pagated impulse, if it is stimulated adequately. However, as the stimulating 
current produced by an early ‘refractory’ impulse in the pre-bifurcation 
segment is small and has to be halved, no impulse can be set up in it until the 
time when curve D (4 energy) crosses curve B; only then will the available 
stimulating current be equal to what is required. Thus the analysis shows that 
there should be a small time interval during which early ‘refractory’ impulses 
could not pass through the ganglion. Moreover, it shows that the first 
‘refractory’ impulse conducted in the post-bifurcation segment should be 
larger than the one first conducted to the bifurcation point, because at the 
time when impulses can be conducted through the ganglion the ——— 
tion segment would have entered a later stage of recovery. 

Blair & Erlanger (1933) have shown that the thinner the fibre, the longer ite 
refractory period. If the interval of blockage is also longer in thinner fibres, 
then the change in shapé, of the refractory curves can be easily explained. 

In Fig. 41 there are twelve imaginary recovery curves of single nerve fibres. 
From bottom to top, the first four are supposed to belong to alpha fibres, and 
the second and last four to beta and gamma fibres respectively. The continuous 
curves represent the recovery of excitability of the pre-bifurcation segment, 
the dotted curves that of the post-bifurcation ones, and the shaded areas the 
interval of blockage. As slower impulses lag behind faster ones in the con- 
ditioning volley, the refractory curves of the thinner fibres are shown to begin 
later. The algebraic sums of these curves are shown in Fig. 4II. Curves A od 
C in this figure are comparable to curves A and B in Fig. 2. 

In constructing Fig. 4, the increased scattering of ‘refractory’ bitwladons 
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within one volley has not been taken into consideration. As an impulse 


conducts more slowly in a relatively refractory fibre than in a normal one, 
and as the thicker fibres recover faster than the thinner fibres, a volley of 


impulses in a relatively refractory nerve is expected to become more scattered 


during conduction. This will retard the recovery of the refractory curves as 
shown in Fig. 2, where only the height of the potential waves was measured. 
Neglecting this factor must have necessitated the assumption of blockage 


_ intervals in the thinner fibres longer than they really are. 


Fig. 4. Diagram showing how blockage of early ‘refractory’ impulse causes change in shape of 
refractory curve of a bundle of nerve fibres. I, assumed recovery curves of twelve sensory 
fibres. For each fibre two curves (continuous and dotted lines) are drawn corresponding to 
curves A and B in Fig. 3. Impulses in the conditioning volley assumed to be slightly scattered. 
Origin of abscissa represents time of arrival of the fastest impulse. II, sums of corresponding 
individual curves in I, showing refractory curves obtainable in a whole nerve branch under 
different hypothetical conditions. A, fibre branching has no effect.on impulse conduction. 
B, impulses are only delayed at points of branching. C, early ‘refractory’ impulses are 
blocked. 


The blockage of early ‘refractory’ sensory impulses in the 
dorsal root ganglion 

Whether the above analysis is tenable depends on the actual demonstration 
of the existence of such a small time interval during which early ‘refractory’ 
sensory impulses are conducted to the ganglion but no further. Fig. 5 shows 
the result of one such test. To minimize the distortion caused by positive 
after-potential of the conditioning volley when large amplification was used, 
the 11th root ganglion was chosen for its smaller number of nerve fibres. 
A, B, C, D and E show simultaneous records of sensory impulses before (broken 
line with time marker indicating 0-1 msec) and after (continuous line) their 
passage through the dorsal root ganglion. Two stimuli were applied during 
each sweep, and the two amplifiers were adjusted so that the two curves 
recorded cover approximately equal areas. In A and B, the second stimulus 
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any impulse. See the superimposed records in the right column. In C the 
interval between the two stimuli was slightly increased and two small potential 
waves were set up by the second stimulus and were conducted to the ganglion 
but not beyond it (see BC). From C to D the interval between the two stimuli 
was further increased, and there was an increase in the size of the ‘refractory’ 
volley conducted to the ganglion. But the blockage remained complete (CD). 
It was not until E that two small potential waves began to be conducted 
through the ganglion (DE). The total interval of blockage from C to E was 
0-2 msec. 


Fig. 5. Blockage of early ‘refractory’ impulses in a dorsal root ganglion. A-E, response to double 


supra-maximal shocks on dorsal root at increasing intervals, recorded proximally (trace with 
0-1 msec time marks) and distally (continuous line) to the ganglion, AB-DE, superimpositions 
of pairs of records A~E. Blockage of impulses shown during latter half of records BC and OD. 
DE shows partial blockage. Rana catesbiana. 


In this experiment the interval between the two stimuli was varied in very 
fine steps (about 0-01 msec). C and E represent two very critical intervals. 
The slightest decrease of these intervals caused the disappearance of the small 
potential waves at the respective leads. In one record at interval E, only the 
second small wave disappeared and the first showed no decrease of magnitude. 
If these facts are enough evidence that the two small potential waves represent 
two single impulses, then it is very likely that the two fibres first excited by 
the second stimulus were also the fibres that first conducted ‘refractory’ 


& 


‘ 
me 
rts, 
a 4 
= 
; 
ers. 
4 
¥ 
4, 
¥ 
“3 
> 
é 
“7, 
Re. 
2 
4 
j 
4 
¢ 


IMPULSE DELAY IN DORSAL ROOT GANGLION 261 


he impulses through the ganglion. Comparing the magnitude of the small waves 
| in BC and DE, it seems that the second prediction in the above analysis has 

also been confirmed, because the two small waves in DE are larger than 
ili those in BC. 


y’ In carrying out these experiments care was ‘ etek to make sure that the 
)). fast conducting fibres were not injured at any point between the two points 
od of recording, This was done by first applying a just-threshold stimulus to see 
as if the impulses set up by it were conducted to both detecting leads. 


The distance of conduction for impulses to reach the ganglion and 
the change of re curves 

It is known that the impulse set up in a relatively refractory nerve fibre is 
subnormal in size and conducts slowly. Both its size and velocity increase 
during propagation, while the fibre recovers gradually (Forbes, Ray & Griffith, 
1923; Gasser & Erlanger, 1925). Ifthe delay and blockage of impulses represent 
one and the same mechanism, and if the blockage occurs only because the 
early ‘refractory’ impulses are too small, then the change of refractory curve 
must vary with the position of the stimulating electrodes. If a ‘refractory’ 
impulse is given enough time to grow before reaching the ganglion, the 
blockage should be replaced by delay. In other words the refractory curve C 
in Fig. 411 is expected then to take the shape of curve B, which is very similar 
to the normal refractory curve A. 

In Fig. 6C are superimposed three pairs of refractory curves traced from 
simultaneous records made with a two-gun cathode-ray oscilloscope. The 
originals of the first two pairs of records are shown in Fig. 6A and B. The 
insert in Fig. 6C shows the arrangement of the stimulating and recording 
electrodes, and serves also as a key for identifying the individual refractory 
curves. Ia means, for example, that the curve was obtained with the stimu- 
lating electrodes at I and the recording lead at a. In constructing this figure, 


ble the tracings of each of two simultaneous records were first superimposed with 
th the time of arrival of the conditioning volley (indicated by short dotted 
i vertical bars at the left end of the base-line) as zero point. Then the three pairs 
be of tracings were again superimposed with the beginning of the a-cutves as 
a common reference point. The differences in amplification were corrected — 

ry before superimposition. 

Is, From this figure it is seen that the refractory curves recorded at a are not 
Hl very much affected by the position of the stimulating electrodes. The slight 
“A but systematic changes of these curves can easily be explained as due to 
% different degrees of scattering of impulses within each volley. The curves 
nt recorded at 6, on the contrary, vary greatly with the position of the stimulating 


electrodes, The further away the stimulating electrodes from the ganglion, the 
more similar the refractory curves to those recorded at a. With the stimulating 
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electrodes at position I, the refractory curve recorded at b shows an apparent 
absolutely refractory period 0-22 msec longer than that recorded at a. This 
difference is in reality due to blockage of the early ‘refractory’ impulses in 
alpha fibres as has been demonstrated in Fig. 5. When the stimulating 


Fig. 6. Position of stimulating electrodes as an important condition for the change of refractory 
curves. A and B, original records of two of three pairs of refractory curves shown in C. Each 
pait was recorded simultaneously from pre- and post-ganglionic positions, Tracings from 
original records were superimposed in C after correction for differences in amplification. 
Individual curves are identified by respective position of stimulating (I-III) and recording 
(a-b) electrodes, see insert in C Rana catesbiana. 


electrodes were moved to position II, these impulses began to pass through 
the ganglion, but those in thinner fibres must have still been blocked. This is 
evidenced by the further increase in the rate of recovery of curve IIIb. Had 
the distance between the ganglion and the point of stimulation been able to 
be increased without limit, the refractory curves recorded at a and b oe 
have become eventually a from one another. 
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DISCUSSION 


The prolonged controversy over the delay of sensory impulses in the dorsal 
root ganglion originates apparently from two technical difficulties. (1) The 
amount of delay is too small to be measured with ease and confidence. (2) The 
presence of the phenomenon depends on a condition of the preparation that 
cannot be ascertained by merely observing whether it can still conduct 
impulses. The works of Bethe (1897) and of Steinach (1899) provided here 
a helpful warning. They stated that the absence of the ganglion cells did not 
impair the conduction of sensory impulses. The question then arises, may not 
their presence or physiological integrity be a necessary condition for the 
occurrence of the delay? By careful treatment of the ganglion and by corre- 
lating the delays with different types of fibres the above two difficulties have 
been overcome, and the delay has been proved a genuine phenomenon. 

The change of refractory curve, or the blockage of early ‘refractory’ 
impulses in the dorsal root ganglion, disproves experimentally the hypothesis 
that the delay was due to a detour of impulses up and back through the central. 
process of the ganglion cells. No impulse has ever been known to be blocked 
by simple increase of conduction distance. Such an assumption would be 
contradictory to the basic concept of nervous conduction, namely the concept 
of local energy. The only plausible explanation for the delay and the blockage 
of impulses is the simultaneous excitation of the two fibre branches. Thesite 
of the delay and blockage is naturally at the bifurcation point. 

However, the presence of the cell body in the very neighbourhood of the 
bifurcation point may have diverted through its large surface area a consider- © 
able portion of the stimulating current generated by the impulse in the 
pre-bifurcation segment, and thus prolonged both the delay and the interval 
of blockage (Dun, to be published). 

Besides describing the change of refractory curve in frog preparations, von 
Briicke et al. (1941) reported also negative results in their few experiments on 
cats. They did not specify the exact positions of their stimulating and 
recording electrodes. Had they stimulated the sciatic nerve at a point far 
away from the dorsal root ganglion and recorded from the roots, the dis- 
crepancy would then be expected. As has been shown in the present experi- 
ments, the passage of sensory impulses through the dorsal root ganglion is 
only one necessary condition for the occurrence of the change, the other 


being that the stimulating electrodes must be near enough to the ganglion. 


SUMMARY 

1. Sensory impulses are delayed in their passage through the dorsal root 
ganglion. 

2. The delay occurs whether the impulse is conducted centrifugally or 

centripetally. 
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3. The slower the impulse, the longer the delay. 

4, The refractory curve recorded with the ganglion lying between the 
stimulating and recording electrodes changes in shape, owing to blockage of 
early ‘refractory’ impulses in the ganglion. 

5. The site of delay and blockage is at the bifurcation point of the sensory 
fibres in the dorsal root ganglion. | 

6. The cause of delay and blockage is simultaneous excitation of two fibre- 
branches by one single impulse in the pre-bifurcation segment. | 


I wish to express my gratitude to Prof. T. C. Ruch for his kindness and helpfulness which 
rendered my sojourn in his laboratory a very happy experience. I wish also to thank my good 
_ friends Prof. A. K. McIntyre and Dr D. M. and giving 
valuable suggestions for improvement. 
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THE RATE OF DECAY OF MITOTIC ACTIVITY IN THE 
ADRENAL CORTEX OF THE RAT FOLLOWING 
HYPOPHYSECTOMY 


By D. B. CATER* anv M. P. STACK-DUNNE 
From the Department of Pathology and the Department of Biochemistry, 
| University of Cambridge 


(Received 2 July 1954) 


The mitotic activity is much reduced in the adrenal cortex of rats 2-3. weeks 
after hypophysectomy, but can be increased to levels above those found in 
intact rats by injections of growth hormone (Cater & Stack-Dunne, 1953). Cell 
replacement would appear to be an important feature in the maintenance of 
this vital organ. The rate of decay of the mitotic activity in the adrenal cortex 
of the rat following hypophysectomy was therefore studied in the hope that it 
might indicate the half-life of the pituitary hormone responsible for cell 
division in the adrenal cortex. The zonal distribution of the mitotic activity 
in the adrenal was also studied. 


METHODS 


In a preliminary experiment six rats hypophysectomized 24 hr previously were examined to 
determine if the mitotic activity had already begun to fall within 24 hr of hypophysectomy. 

Second experiment. Six controls and thirty-one hypophysectomized rats were studied at 0, 4, 8, 
16, 24, 32 hr, 2, 4 and 8 days. 

Third experiment. Six controls and thirty-eight hypophysectomized rats were studied at 0, 4, 8, 
24, 32 hr, 2, 3, 4 and 8 days. The number in each group was too small to test diurnal variation; 
an attempt was made to neutralize this factor by sacrificing the animals at different times of the 
day. 
_ Fourth experiment. Nineteen hypophysectomized rats were sedans seven at 10 days, four 
at 17 days, and eight at 21 days after hypophysectomy. 

Fifth experiment. The adrenals of four rats were examined 67 hes after hypophysectomy. 

In all experiments the rats were killed by cervical dislocation, the adrenals were removed 
immediately, fixed in Susa, dehydrated, wax embedded, serial sectioned and stained with haema- 
toxylin and eosin, Representative mid-sections were projected on to squared paper at a magnifica- 
tion of x 50 and the outlines traced. The area of the adrenal cortex was measured with a plani- 
meter. Mitotic counts were performed on a sufficient number of adjacent serial sections to make 
up an area of at least 12 mm?*. The positions of the mitotic figures were plotted on the projection 
to make a map of the zonal distribution. The phase of each mitotic figure was also recorded. The 
observations were made without knowledge of the groups to eliminate bias. 


* British Empire Cancer Campaign Research Fellow. 
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RESULTS | 
The results of Expts. 2 and 3 are plotted as a graph of mitotic counts against 

time after hypophysectomy in Fig. 1. Note that there is a fall in the number 

of mitoses per 12 mm? of adrenal cortex which occurs between the 3rd and 


8th days after hypophysectomy. The control level is 22:1 + 4 (s.u. of the mean , 


for twelve rats) and this falls to 87 +21 (11) by the 8th day. Considering 
Expts. 4 and 5 a further slow fall of the mitotic activity is observed with 
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Fig. 1. The relationship of the mitotic activity in the adrenal cortex of the rat with time after 
hypophysectomy. Number of mitoses in 12 mm? of cortex 6 thick plotted against time. 
Expt. 2, @; expt. 3, x. 


increase of time after hypophysectomy. Thus at 10 days the mean mitotic 
count is 8-8+2-5 (7), at 17 days 5-65 +2 (4), at 21 days 4-31 +0-8 (8), and at 
67 days after hypophysectomy the mitotic activity is very low 1:25 +0-75 (4). 

In the 8 days following hypophysectomy the areas of the representative 
mid-sections of the adrenals studied have diminished significantly (from a 
mean cortical area of 5-29 + 0-68 mm? (6), to 2-47 + 0-02 mm? (6) in the second 
experiment; and from 4-87 + 0-37 mm? (6) to 2-96 sci mm? (5), in the third 
experiment). 
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The zonal distribution of the mitotic figures in the adrenal cortex changes 
following hypophysectomy. In animals before and shortly after hypo- 
physectomy most mitotic figures are found in the zona glomerulosa and the 
outer part of the zona fasciculata, but at 32, 48, and 72hr after hypo- 
physectomy there is less mitotic activity in these zones than in the inner part 
of the zona fasciculata and in the zona reticularis (see Fig. 2). At 4 days the 
mitotic activity in all zones is diminishing and by 8 days it is low. 

It will be noted that these three changes which follow hypophysectomy— 
(1) the fall in the number of mitoses per unit area, (2) the shrinkage in the size 
of the cortex, and (3) the change of the mitotic activity to a more central 
distribution—all represent a reduction in the total number of mitoses in the 
whole adrenal cortex. Because the whole gland constitutes the target for the 
‘stimulating hormone, the estimate of the number of mitoses in the whole 
adrenal cortex gives a better idea of the strength of the response. 

The total number of mitoses can be calculated as follows. Assume that the 
adrenals are similar solids and that s central sections are examined, each of 
thickness A and area A. Assume that the density of mitoses is constant in thin 
shells of the same shape as the adrenal surface. For each mitosis consider its 
fractional radius, i.e. the ratio of the distance of the mitosis from the centre of 
the section to the corresponding length from the centre to the surface of the 
adrenal. 

The total volume of section between fractional radii p and p+ép is 
sd A[(p+8p)?—p?] which tends to 2s\ Apdp as Sp becomes small. The total 
volume of adrenal between these radii is K A*[(p+8p)*—p®] which tends to 
3K Atp*3p, where K is a constant depending on the shape of the adrenals 
(K =4/(3,/m) for spherical adrenals). 

‘Therefore the total number of mitoses berwees fractional radii (p, p + dp) 
can be estimated as 


volume of portion of adrenal 
volume of portion of sections 


x observed number between (p, p + 5p) 


= p x (number between p, p + 9p). 


. Hence the total number of mitoses, NV, is estimated as 


or for spherical adrenals 


where r is the actual distance of the mitosis from the centre of the section. 
This is the formula that has been used. The calculation is simple, but the 
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results will omer the true figure only if representative mid-sections 
are examined and the adrenal is not flattened in a direction di 
the plane of the section. 
Fig. 3 shows the number of mitoses in the whole adrenal cortex calculated 
by the formula NV = aA ur from the data of the 3rd experiment and plotted 


x 
80004 , 
7000 - x 
6000 - 
x 
$ 50004 * 
x 
4000- 
6 x x 
30004 Xx x 
c x x 
x 
3 x 
204 
| 
§ x 
5 x x x 
x 4 
x x 
0 4% 32 4 72 % 192 


Time in hours after hypophysectomy 
Fig. 3. The relationship of the mitotic activity in the adrenal cortex with time after hypo- 
physectomy. Approximate number N of mitoses per one whole adrenal calculated for 
Expt. 3: 


2 


where s is the number of sections of thickness \ (6) examined, and =r is the sum of the 
distances of the mitoses from the centre of the adrenal expressed in p. 


against the time after hypophysectomy. Before hypophysectomy the esti- 
mated mean number of mitoses in one adrenal cortex is 4300 + 1160 (6). Hight 
days after hypophysectomy the number had fallen to 466 + 246 (5). Comparison 
of Fig. 3 with Fig. 1 indicates that the number of mitoses in the whole cortex 
shows a steeper fall after hypophysectomy than the number of mitoses per 
12 mm* of cortical sections. 
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A record was kept of the phase of each mitotic figure counted, Analysis of 
these phase counts indicates that 2 days after hypophysectomy and onwards 
there is a relative increase in the number of mitoses in anaphase and probably 
in metaphase also. In normal animals and up to 32 hr after hypophysectomy 
some 12% of all mitoses are in anaphase, 2 days after hypophysectomy and 
onwards the percentage of mitotic figures in anaphase rises to over 20%. Up 
to 24hr after hypophysectomy the metaphase counts are 45-50% of all 
mitotic figures, from 32 hr onwards they rise and become 60-70%. 

In the different experiments no evidence of a significant effect from diurnal 
variations was noted, but the experiments were not specifically designed to 
test this, and much larger groups would be needed to show any but gross 
variations. In any case diurnal variation could not account for the fall in 
mitotic activity observed by the 8th day but could only impose minor fluctua- 
tions on that fall. . 

Critique of method. The method of counting the number of mitoses in a whole 
number of sections of adrenal cortex to make up a volume of at least 12 mm? x. 
6 » requires justification. The method was devised to make an assessment of the 
mitotic activity in the adrenal cortex after treatment with various pituitary 
preparations (Cater & Stack-Dunne, 1953). Mitotic counts are time con- 

‘suming and laborious, but the method is sufficiently quick and simple to 
allow examination of groups of animals large enough for statistical analysis. 
It was realized that the number of mitoses per thousand cells (mitotic 
index) would be a more valid comparison in certain types of investigation; 
but the distribution of mitoses is not uniform and the mitotic index to be 
valid would need to be measured separately for each zone of each adrenal— 
a difficult and laborious task. As has been shown, the zonal distribution varies 

under experimental conditions and this adds a further difficulty to the true 
appraisal of the mitotic index. Defining the exact limits of the zona reticularis 
under the high power may sometimes be difficult. The estimation of the total 
mitotic count per adrenal is a practical compromise which gives a real picture 
of the mitotic response in the target organ. Following hypophysectomy the 
cells of the adrenal cortex shrink. The number of cells in a given volume will 
therefore increase. The mitotic index would therefore show a steeper fall of 
mitotic activity in the adrenal than is indicated by the plot of the number of 
mitoses per 12 mm*x 6y (Fig. 1). The plot of the total mitoses per adrenal 
(Fig. 3) probably gives a truer picture because it takes into account the change 
in distribution of mitoses as well as the shrinkage of the gland (owing to fall 
in mitotic activity, shrinkage in cell size, and diminution in vascularity). 
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DISCUSSION | 
The fall in mitotic activity in the whole adrenal cortex is near completion by 
the 8th day after hypophysectomy, but even after 67 days there is still a little 
mitotic activity present. There is no evidence for an absolute increase in the 
mitotic activity of any zone after hypophysectomy. Is the fall in mitotic 
activity due to lack of a trophic hormone from the pituitary? Is it due to lack 
of physiological activity in the adrenal cortex owing to cessation of cortico- 
trophin stimulation? Is it due to the general slowing of metabolism which 
occurs in the hypophysectomized rat? We are not able to distinguish between 
these possibilities, nor are they mutually exclusive. The persistence of some 
mitotic activity in the adrenal long after hypophysectomy indicates that 


mitosis is to some extent independent of pituitary stimulation. 


There is a change in the distribution of mitosis in the adrenal cortex following 
hypophysectomy by which the mitoses become relatively more central. One 
possibility is that mitoses normally occur in waves, sweeping from the peri- 
phery to the centre of the cortex: this could explain why the zonal pattern of 
mitotic distribution in the adrenals of intact animals shows variations (Cater 
& Stack-Dunne, 1953). 

There is an increase in the percentage of the anaphase and metaphase stages 
of mitoses about 48 hr after hypophysectomy. This may be an indication that 
the stimulus to mitosis is failing at about that time and this results in a slowing 
of the act of mitosis. However, it is possible that prophase and telophase 
might be atypical and therefore less easily detectable in the adrenals of rats 
hypophysectomized more than 48 hr previously. Stimulation by corticotrophin, 
probably causes 2-3 hr of effective cellular activity as indicated by perfusion 
experiments, If the mitotic activity in the adrenal depended entirely on the 
physiological activity induced by ACTH a more rapid fall than that observed 
would be expected. Unfortunately we are not aware of any experiments 
indicating the effective (cell-stimulating) half-life of growth hormone. It may 


be that the rate of decay of the mitotic activity in the adrenal cortex and the 


changes in the zonal distribution and phases of mitoses following hypo- 
physectomy are connected with this. ; 


SUMMARY 


1. The mitotic activity in the adrenal cortex of the rat begins to fall 
2-3 days after hypophysectomy, is low by the 8th day and very low at 
67 days. 

2. The zonal distribution of the mitoses becomes more central 32-72 hr 


after hypophysectomy. 
3. The percentage of mitoses in anaphase increases from 12 to 21 at 48 hr 
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and remains at the higher level in the hypophysectomized rat. There is 
probably a concomitant increase in metaphase. 

4. A method is given for calculating the number of mitoses in the whole 
adrenal cortex. 


We are grateful to the Nuffield Foundation for generous support of this work. We wish to 
express our thanks to Prof. F. G. Young, F.R.S., for his advice and encouragement, to Miss N. 
Burr, Miss B. Disbrey and Miss M. Thomas for technical assistance, and to Mr 8. W. Patman and 
Mr E. W. Mitchell for the diagrams and photography. Our thanks are also due to Dr D. R. Cox of 
the Statistical Laboratory and to Dr H. B. F. Dixon of the Department of Biochemistry, University 
of Cambridge, who have examined the mathematical formulae. One of us (D. B. C.) held a British 
— Cancer Campaign Fellowship during the preparation of the paper. 
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THE TIME OF ONSET OF MITOTIC ACTIVITY IN THE 
ADRENAL CORTEX OF THE HYPOPHYSECTOMIZED RAT 
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The finding that the mitotic activity in the adrenal cortex of the hypo- 
physectomized rat is low, but can be raised to levels above those present in the 
intact animal by injections of growth hormone (Cater & Stack-Dunne, 1953), 
suggested two lines of investigation: (a) how quickly does the mitotic activity 
in the adrenal cortex decay after hypophysectomy, and (6) how quickly will 
growth hormone stimulate mitotic activity in the adrenals of rats hypo- 
physectomized 10-21 days previously? Mitotic activity begins to fall 2-3 days 
after hypophysectomy and is low by the 8th day after which it falls slowly and 
is very low by the 67th day (Cater & Stack-Dunne, 1955a). Previous experi- 
ments indicated that the mitotic response to multiple doses of growth hormone 
was well established by 30 hr (Cater & Stack-Dunne, 1955). The experiments 
described here were undertaken to see how soon the mitotic response followed 
a single dose of growth hormone. 


METHODS 


Experiment 1. Twenty-eight rats, hypophysectomized 21 days previously, were taken; three 
used as controls, 3 given 1 mg of growth hormone intravenously and killed 1 hr later, the rest were 
given 1 mg of growth hormone intraperitoneally and killed at 2, 4, 6, 8, 13 and 23 hr. The adrenals 
were processed and examined as described in the preceding paper (Cater & Stack-Dunne, 1955a). 

Experiment 2. Thirty-one rats hypophysectomized 10 days previously were taken, seven used 
as controls, the rest injected with 1 mg of growth hormone intraperitoneally and killed at 2, 3, 4, 
5, 6 and 8 hr. 

Experiment 3. Thirty-one rats, hypophysectomized 21 days previously, were taken, eight used 
as controls, the rest injected with 1 mg of growth hormone 1.P., groups of four were killed at 4, 6 
and 8 hr. The remaining rats were injected at the eighth hour with 0-5 mg of growth hormone 
1.P. and groups killed at 12 and 16 hr. The last group was injected with a further dose of 0-5 mg 
of growth hormone at 16 hr and killed at 24 hr. (The controls were killed at four different times 
to eliminate diurnal variation.) 

* British Empire Cancer Campaign Research Fellow. 
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Experiment 4. Thirty-two rate, hypophysectomized 17 days previously, were taken, four used 
as controls, the rest injected with 5 mg of growth hormone 1.P. and 2-5 mg at 8 and 16 hr, groups 
were killed at 44, 6}, 72, 8}, 12}, 16 and 24} hr after the initial dose. 

The growth hormone was prepared by the method of Wilhelmi, Fishman & edema (1948), 
slightly modified; it was essentially homogeneous by electrophoresis. 


RESULTS 


Experiment 1. The mitotic response in the adrenal jcibbis following intra- 
peritoneal injection of 1 mg of growth hormone into rats hypophysectomized 
21 days previously is shown in Fig..1. There is no definite response at 1 hr after 
1 mg of growth hormone given by the intravenous route. There is a response at 
4 hr, and by 8 hr the mitotic counts are down to control levels. The results at 13 
and 23 hr do not appear to be above the control level, but the growth hormone 
may by then have fallen below the effective dosage level. 


& 

2- 

OA 13 23 hr 


Time after injection of a single dose of growth hormone 
Fig. 1. Mitotic activity in adrenal cortex after a single injection of 1 mg growth hormone (rats 
hypophysectomized 21 days previously). The rats killed at 1 hr were injected intravenously, 
rats killed at 2-23 hr were injected intraperitoneally. Mean and standard error of mean is 


Experiment 2. Rats hypophysectomized 10 days stein were used in the 
hope that they might respond more actively. The mitotic counts in the control 
adrenals are therefore higher and more variable. The results are shown in Fig. 2 
and indicate a somewhat variable response at 6 hr. It was unfortunate that 
most of the rats were in the 3, 4 and 5 hr groups, at or near the time indicated 
_ by Expt. 1 as the height of the response. 

Experiment 3, The results are shown in Fig. 3. The experimental conditions 
up to and including 8 hr are the same as in Expt. 1. It will be seen that a 
mitotic response has occurred at 8hr. A further dose of 0-5 mg of growth 
hormone at 8 and 16 hr was given in order to maintain a more uniform 
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stimulus to the adrenal cortex; there is, however, a suggestion of a fall in the 


_ level of mitotic activity at’ 12 and 16 hr, rising again at 24 hr. The rather 


variable response at 12, 16 and 24 hr suggested that the dose of growth 


No. mitoses/12 mm? adrenal cortex 6 thick 


0 2 3 456 8hr 
Time after injection of a single 
dose of growth hormone 


1.P. (rats hypophysectomized 10 days previously). 


qT qT q 


= 
0 4 6 8 12 16 24 hr 
Time after the initial dose of growth hormone 


™ 3. Mitotic activity in adrenal cortex after initial dose of 1 mg growth hormone, 1.P. and 
0-5 mg every 8 hr (rats hypophysectomized 21 days previously). 


No. mitoses/12mm# adrenal cortex thick 


hormone might be too low. To test this the 4th experiment was planned using 
a higher dose level of growth hormone. 
Experiment 4. The results of Expt. 4 are shown in Fig. 4 and indicate a 


rather variable response at 4 hr, and a lower but steadier activity at 6 hr. In 
18-2 
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No. of mitoses in 12 mm? of adrenal cortex 6p thick 
i 


0 4 3 $2. 24hr 
Time after the initial dose of growth hormone 


Fig. 4. Mitotic activity in adrenal cortex after an initial dose of 5 mg growth hormone, 
LP. and 2-5 mg every 8 hr (rats hypophysectomized 17 days previously). 


100- 


30 45 60 75 89 
Time after the initial dose of growth hormone (hr) 

Fig. 5. Mitotic activity in adrenal cortex after injection of growth hormone in hypophysectomized 
rats, Expt, 1: 1 mg of growth hormone 1.P, (except rats killed at 1 hr. 1.v.), x---x, rats 
hypophysectomized 21 days, Expt. 2: 1 mg of growth hormone LP. @—— @, rats hypo- 
physectomized 10 days. Expt. 3: 1 mg of growth hormone 1.r. 0-5 mg at 8 and 16 hr. 

_ O—:—O, rats hypophysectomized 21 days. Expt. 4: 5 mg of growth hormone 1p. 2:5 mg 
at 8and 16hr. Y/——-/, rats hypophysectomized 17 days. Three rats killed at 30 hr after 
four doses of 2-2 mg growth hormone in 24 hr; rats killed 6 hr after last dose. Eleven rats 
and rats killed 17 hr after last dose. 
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spite of the high dose of growth hormone the mitotic activity at 12 and 16 hr 
is still low and variable, but at 24 hr there is a good response. 

Fig. 5 shows the results of all four experiments in relation to the results 
obtained at 30 hr after four doses of 2:2 mg of growth hormone, and at 89 hr 
after a total dose of 20 mg of growth hormone has been given in divided doses 
for 3 days and the rats killed 17 hr after the last dose. The family of curves 
given by a single dose of growth hormone indicate an initial rise of mitotic 
activity 4-8 hr after injection, followed by a fall. With repeated doses of 
growth hormone mitotic activity then rises and stays high from 24 hr onwards. 

The zonal distribution of mitotic figures in the adrenal cortex after injections 
of growth hormone is similar to that seen in normal rats, i.e. most of the mitotic 
activity is seen in the zona glomerulosa and the outer part of the zona 
fasciculata (Cater & Stack-Dunne, 1953). 

Phase counts. In the adrenal cortex of the normal rat 12% of all mitoses are 
in anaphase and 50% in metaphase. Two days after hypophysectomy the 
anaphase counts rise to 20% and the metaphase counts to 60-70% (Cater 
& Stack-Dunne, 1955a).. In hypophysectomized rats treated with growth 
hormone the percentage of mitoses in anaphase and metaphase 1 is the same as 
that observed in normal rats. : 


DISCUSSION 


The results show an initial increase of mitosis in the adrenal cortex of hypo- 
physectomized rats 4-8 hr after a single injection of growth hormone, Our 
growth hormone preparations have a small amount of activity (approx. 
0-003 i.u./mg) in the ascorbic acid-depletion test of Sayers, Sayers & Woodbury 
(1948). Corticotrophin itself can stimulate mitosis in the adrenal cortex 
(Cater & Stack-Dunne, 1955c). It is possible that the initial wave of mitotic 
activity 4-8 hr after injection is due to a small contamination of corticotrophin 
in the growth hormone, and that the true growth hormone effect is the steady 
rise of mitotic activity in the 16-24 hr period. 7 

On the other hand, if the initial wave of mitotic activity is due to growth 


hormone, then the apparent trough in mitotic activity between 8 and 16 hr 


needs explanation. It is possible that during the post-hypophysectomy period 
of low mitotic activity a certain number of cells are able to respond at once to 
the growth hormone stimulus, but it may need up to 24 hr of growth hormone 
action before the ability to go into mitosis is general. 

Our experiments do not indicate whether or not the action of growth 
hormone preparations on the adrenal cortex is direct. 

In any study involving mitosis it is well to bear in mind that the time interval 
between divisions of individual cells may be of importance. The act of mitosis 
is a short event followed by a comparatively long resting period, or inter- 
mitotic phase, during which the cell has to accumulate the necessary materials 
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before it can divide again. The experiments of Howard & Pele (1953) indicate 


that the intermitotic period in bean roots is about 26 hr. Hughes (1952) has 
reviewed the evidence upon which an estimate can be made of the length of 


the intermitotic phase in mammalian cells; it is of the order of several hours. 


If the stimulus provided by the growth hormone causes all the cells which can 
divide in the adrenal to go into mitosis during a short period of time, say 2 hr, 
there will be an interval of some hours before these same cells can divide again. 
By 24 hr, individual cells might be sufficiently out of phase to give fairly 
uniform counts with a uniform stimulus. This effect could only be of significance 
and an. explanation for the trough in our curves if the same cells were to divide 

Colchicine tee frequently been used in mitotic studies on the rat’s adrenal. 
Mitchell (1948) noted that it was toxic, especially to young rats, in the dosage 
commonly used. Colchicine might stress intact animals and cause a release 


of ACTH and possibly growth hormone from the pituitary, which would effect 


‘the number of dividing cells in the adrenal cortex. Baxter (1946) found 


relatively more mitoses in the zona fasciculata and reticularis in colchicine- 
treated rats, but he could not explain this. We have avoided the use of 
colchicine, even in hypophysectomized animals, because satisfactory mitotic 
counts can be made without it. In addition, no information is obtained from 
counts if colchicine is 


SUMMARY 


1. Growth hormone, in a single dose of 1 or 5 mg injected intraperitoneally, 
into rats hypophysectomized 10-21 days previously, increases the number of 
mitoses in the adrenal cortex in 4 to 8 hr. 

2. When half the initial dose is repeated at 8-hourly intervals the mitotic 
response does not increase at once after the initial peak, and is - and variable 
at 12 and 16 hr, but is high by 24 hr. 
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FACTORS CONCERNED IN THE REGULATION OF 
SWEAT PRODUCTION IN MAN 


By D. McK. KERSLAKE 
From the R.A.F. Institute of Aviation Medicine, Farnborough, Hants — 


(Received. 2 July 1954)" 

ee ‘ate are small differences in the responses of different skin areas 
(Hertzman, Randall, Peiss & Seckendorf, 1952), sweating normally begins 
almost simultaneously on all skin areas after a few minutes’ exposure to a warm 
environment (Kuno, 1934; Pinson, 1942; Adolph, 1946). Adolph (1946) 
described a small increase in evaporation within 5 min of exposure, and 
attributed this to local heating of the sweat glands. This view is inconsistent 
with the findings of Kuno (1934), Gurney & Bunnell (1942), Randall (1947) and 
Issekutz, Hetényi & Diosy (1950), who describe direct stimulation of sweat 
glands by local heat only at skin temperatures in excess of 40° C. Adolph did 
not distinguish between insensible and sensible perspiration, and this small 
increase may represent only an increase in the rate of diffusion of water through 
the skin, consequent upon the vasomotor responses and the change in skin 
temperature (Pinson, 1942; Burton, Scott, McGlone & Bazett, 1940; Gagge, 
Winslow & Herrington, 1938). The balance of the evidence suggests that sweat 
glands are not directly stimulated by local temperature changes under normal 
circumstances, but react to changes in the impulse patterns in the sympathetic 
nerves supplying them. These impulses are presumably controlled by the heat- 
regulating centre, acting on thermal information derived from deep or super- 
ficial body temperatures. 

Strong evidence has been adduced of a relation between skin temperature 
and sweat rate. Winslow, Herrington & Gagge (1937) showed that sweating 
begins at a critical skin temperature of about 34-5° C. Later studies on clothed 
subjects have confirmed this finding (Gagge et al. 1938; Winslow, Herrington 
& Gagge, 1938). It seems clear that since the skin forms an interface between 
the man and his environment, a warmer environment must, other things being 
equal, result in a higher skin temperature, and, if thermal balance is to be 
maintained, in a higher sweat rate. The fact that such a state of affairs has been 
demonstrated sheds no light on the problem of the afferent stimulation directly 
responsible for the sweating response. Indeed, it is shown incidentally in this 
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work that there is a correlation (again, perhaps, to be expected) between skin 


temperature and rectal temperature, and it might therefore be thought equally 
true to say that sweating was found to begin at a critical rectal temperature. 
The correlation of sweating with rectal temperature is in fact poor, while that 
with skin temperature is very good, but the error inherent in accepting rectal 
temperature as a measure of whatever deep temperature may be relevant is 
considerable (Bazett, Love, Newton, Hisenberg, Day & Forster, 1948; Mead & 
Bonmarito, 1949), and from this point of view the results must be considered 
inconclusive. 

In order to examine more closely the possibility of a direct causal relation 
between skin temperature and sweat rate, it is desirable to observe the effects 
of varying skin and deep temperatures independently of one another. Fortu- 
nately this can readily be done by altering the rate of working of the subject. 
Nielsen (1938) and Winslow & Gagge (1941) have shown that, in the steady 
state in warm environments, skin temperature is determined almost entirely 
by theenvironment, whereas rectal temperature depends on the rate of working, 
being hardly affected by ambient conditions unless the heat stress is very 
severe. Now if the skin temperature does not increase with rate of working, 
then, under fixed environmental conditions, sweat rate, which must so in- 
crease, cannot be controlled solely by the skin temperature (Burton, 1934). 
In similar data cited by Robinson (1949), the sweat rate is shown to increase 
linearly with rectal temperature at the rate of about 280 kcalm-*hr-?°C-. ~ 

On the other hand, when the rate of working is kept constant, the sweat 
rate is closely related to the skin temperature (Winslow & Gagge, 1941) as in 
the experiments at rest mentioned earlier. The rate of increase of sweat rate 
with rectal temperature observed by Robinson (1949) in experiments of this 
type is about 1500 kcal m-*hr-'°C-!, becoming less under very severe condi- 
tions, a figure very different from the rate of increase of 280 obtained over the 
same range of rectal temperature by varying the work rate in a fixed environ- 
ment. The hypothesis of control based on deep temperature alone is thus 
inadequate to explain the observations, and this has led to the suggestion that 
both skin and rectal temperatures are concerned in the regulation of sweat 
production. 

Such a hypothesis is adequate to explain the results in a general qualitative 
manner, but becomes very difficult to support if attempts are made to state 
the relationships precisely (Bazett, 1951). For example, Robinson's (1949) 
results at constant work rate show a linear relation between sweat rate and 
skin temperature over the whole range of both. The rectal temperature rises 
very little with skin temperature until the latter reaches 36°C. Above this 
level the rectal temperature rises very nearly as fast as skin temperature. In 
order to sustain the hypothesis that it is interaction of these two temperatures 
which controls sweat rate, it is necessary to assume a complex relationship 
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between at least one of them and the sweat rate (for which there is no in- 
dependent evidence) or a complex interaction between them, such that the 
discontinuous relation between rectal and skin temperatures will not produce 
a discontinuity in the skin temperature/sweat rate curve. The existence of such 
a relation, which fortuitously gives rise to a linear relation between skin 
temperature and sweat rate under many different conditions, seems improbable. 

Robinson, Turrell & Gerking (1945) have studied the effects of exposure 
for several hours to different conditions of temperature and humidity at 
different work rates. The results are not reported in full, but data from a total 
of thirty-four experimients on five subjects are presented in some detail. The 
results for the first 2 hr of exposure have been examined by Woodcock, Pratt 
& Breckenridge (1952) who were interested in the skin temperature/sweat rate 
relation. Observations were grouped according to metabolic rate, and the 
points for each metabolic rate were found to fall about a straight line. The best 
fit lines are nearly parallel, not differing significantly in slope, and are dis- 
placed so that at higher metabolic rates a given skin temperature is associated 
with a larger sweat rate. The displacement is approximately linear with 
metabolic rate, and might be related to rectal temperature. However, it seems 
improbable, for the reasons given above, that rectal temperature is directly 
concerned in the regulation of sweat rate, and the linear displacement with 
metabolic rate in the steady state suggests an alternative hypothesis. 

If there are nerve endings in the skin which supply information about the 
skin temperature they do not lie actually on the surface, but would be expected 
to lie deep to the non-vascular epidermis, or still deeper. In the steady state 
the heat flow through the skin will bear a fairly constant relation to metabolic 
rate, and the temperature of those nerve endings will exceed the surface 
temperature of the skin by an amount proportional to the heat flow through 
the skin and the thermal resistance of the layers superficial to them. If it be 
assumed in the first instance that the thermal resistance superficial to the 
nerve endings is constant under the conditions obtaining in Robinson’s 
experiments and that the sweat rate depends solely on the temperature of 
these receptors, it should be possible to relate the sweat rate to the skin 
temperature and the heat flow through the skin. This relationship should, if 
the assumptions are true, be the same whether the body is in a steady state 
thermally or not, and it should be independent of deep body temperature 
except in so far as this may affect skin heat flow through the vasomotor effects 
which it is known to produce (Kerslake & Cooper, 1954). 

The experiments described in this paper were carried out in order to test this 
under a number of conditions. 
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(1) SWEAT RATE AT VARIOUS RATES OF WORKING IN WARM 
ENVIRONMENTS OF LOW HUMIDITY 


The object of this series of experiments was to see whether the sweat rate could 
be related to the deep skin temperature in a variety of circumstances and not 
necessarily in the steady state. Humidity was kept low in order to ensure 
the evaporation of all the sweat produced, as this was essential in the calcula- 
tion of the skin heat flow by the method adopted. 


Methods 


environment of low humidity in a wind tunnel. The wind speed was 300 ft./min in all experiments, 
and the subject spent most of the time facing into the wind while walking on a treadmill belt 
moving at 300 ft./min. The angle of the treadmill was set at either 0°, 3°, or 6° to the horizontal. 
It was considered that the changes in wind speed relative to the subject produced by these low 
angles would be too small to exert a significant effect on the subject’s heat exchanges. Each 
experimental session was carried out at one environmental temperature between 25 and 45° C, 
the surface temperatures of the walls, ceiling, floor and treadmill being equal to air temperature. 
Air temperature was constant to +0-3° C, and humidity to +0-5% r.h. Each session was divided 
into three half-hour periods, during each of which the treadmill slope was different. bate ace 
of presentation of slopes was randomized. 

Skin temperature. This was measured at half hourly intervals at fifteen different points by means 
of a thermocouple constructed by soldering no. 40 s.w.g. copper and constantan wires end to end. 
The composite wire was stretched bow-string fashion on a plastic holder and applied to the various 
surfaces in turn, All surfaces used were slightly convex, and the pressure of the wire was adjusted 
to produce slight deformation of the skin. Measurement was made of the current flowing through 
a galvanometer connected to the skin thermocouple and reference junction, the assembly being 
calibrated at the beginning and end of each session. The estimation of skin temperature in this 
way is liable to a systematic error dependent on the difference between skin and air temperatures, 
and the air movement. No correction was made for this. 

Sweat loss. The subject was weighed on a sensitive beam balance. The accuracy of this weighing 
varied with the rate of sweat evaporation between about 1 and 5g. A collection of expired air was 
made for 5 min during each period after a 5 min period of breathing through the mouthpiece, in 
order that the pulmonary water loss might be estimated. 

Procedure. About 5 min after entering the wind tunnel the skin temperatures were measured. 
The subject was then weighed, the time at which weighing was completed being taken as the start 
of the first experimental period. The subject now mounted the treadmill and walked for 20 min 
after which the skin temperatures were again measured. Finally he was again weighed, the 
weighing being completed 30 min after the start of the period. The second and third periods fol- 
lowed in the same sequence without interruption. After each period the subject drank 0-2% 
(w/v) NaCl solution (saline) at about 20° C in such amount as to replace the weight loss during the 
period. 

Changes in skin temperature and sweat rate during each period could not be followed by this 
technique, and it is open to the objection that the skin temperatures were not measured during 
the exercise. However, with the exception of the extremities, the air flow over the skin was the 
same during the measurement as it was during the exercise, and it is not thought that the dif- 
ferences would be very great, particularly as the rate of working was found to have very little 
effect on the skin temperature. 

Calculation of the heat exchanges. Each period was treated separately. The mean skin tempera- 
ture was first calculated as the unweighted mean of the individual skin temperatures measured 
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at the beginning and end of each period. The heat loss or gain by convection and radiation was 
then calculated by multiplying the difference between mean skin temperature and air temperature 
by 15. This figure for the convection plus radiation constant was derived from the results obtained 
in the Fort Knox wind tunnel (Nelson, Eichna, Horvath, Shelley & Hatch, 1947). No correction 
was made for the effect of the limbs moving through the air, since the mean wind speed over their 
surfaces was equal to the ambient wind speed. Some slight adjustment might be required here in 
order to allow for the square root relation between wind speed and the convective heat loss, but 
this was considered unjustifiable in view of the relatively large error involved in assuming the 
convection constant for a particular subject. The heat exchange calculated in this way is expressed 
per unit surface area of the subject. Evaporative heat loss was calculated from the sweat loss, 
on the assumption that all the sweat evaporated. The weight loss from the respiratory tract was 
calculated as the sum of the metabolic loss and the pulmonary evaporative loss, calculated from 
the data of McCutchan & Taylor (1950). Approximate allowance was made for that part of the 
period in which the subject was not exercising. The total estimated respiratory weight loss was 
subtracted from the observed weight loss of the subject during the period, the difference being 
assumed to represent evaporated sweat. The insensible loss from the skin was not estimated, as 
it was assumed to be small when appreciable amounts of sensible sweat were being produced. 
Since the air was dry, sweat did not accumulate in large quantities on the skin surface, and the 
error involved in neglecting the difference between sweat lying on the skin at the beginning and 
end of the period is small compared with the total sweat loss. The sweat rate so calculated was 
then expressed in kcal m-*hr~-!, This was performed by using the surface area figure derived from 
the subject’s height and weight (Du Bois & Du Bois, 1916) and the factor 0-576 for the latent heat 
of evaporation. This last figure is a mean value for the latent heat of evaporation over the range 
of skin temperatures observed. It was felt that evaporation was taking place into air at approxi- 
mately skin temperature rather than at ambient temperature, and that the subsequent thermo- 
dynamic events would result in the abstraction of heat from the air rather than from the skin. 
Correction for these events (Murlin & Burton, 1935) was therefore not made. 

_ Finally, the heat flow through the skin was estimated by subtracting the estimated heat gain 
of the skin from the air by convection and radiation from the evaporative heat loss. It is thus 
derived as the difference between two quantities often not greatly dissimilar in magnitude, in the 
calculation of each of which there are several approximations and assumptions of the validity of 
independent observations in the particular circumstances of this experiment. Errors in the 
assessment and in the skin temperature measurements must therefore be borne in mind when 
considering the results, not only from the point of view of their variability, but also in the com- 
parison of valculated deep skin temperature with skin and deep body temperatures. 


Results 

Three subjects have been examined in this way. The first (D.B.) was 
previously acclimatized by daily walking in the heat, while a suitable range of 
air temperatures was devised. This process was continued for 10 days in order 
to produce a reasonable degree of acclimatization. During the following 8 days 
he carried out the full experimental routine of three half-hour periods a total 
of 12 times. Results on two occasions had to be neglected because of failure 
of the thermocouple. The experiments were carried out at air temperature 
settings chosen within the range 25-50° C from a table of random numbers. 
The results for the thirty successful periods were then examined and the partial 
regressions of sweat rate on skin temperature and skin heat flow were cal- 
culated. The best fit is given by the expression 


S=(77-46 + 4-96) — 34-43) + (1-038 + 0-090) Hy, (1) 
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where S=sweat in kcal m~“*hr-!, Hy=skin heat flow in kcal m~*hr-, 
T's=mean skin surface temperature in ° (. 

The brackets include the standard errors of the regression coefficients. 
— (1) reduces to 
S=77-46 +0-0134 H, — 34-43). | (2) 
The quantity 7’, +0-0134 H, can be replaced by 7c, which may be regarded 
_ as the deep skin temperature. Equation (2) then becomes 


S=77-46 (To —34-43). (3) 
500 


Sweat loss (keal m-* 


ou 
34 35 36 37 38 39 40 
Calculated deep skin temperature (°C) 
Fig. 1. Sweat rate of subject D.B. @, exercising in environments of low humidity: ©, at rest in 
environments of high humidity, See text for method of calculation of deep skin temperature. 


The form of equation (3) is in accord with the hypothesis discussed in the 
penultimate paragraph of the Introduction, and relates sweat rate to deep skin 
temperature. For this subject it suggests that sweat rate is proportional to 
the extent by which deep skin temperature exceeds 34-43° C. In Fig. 1, the 
deep skin temperature obtained by adding 0-0134 Hg to the observed skin 
temperature, is plotted against the observed sweat rate _— circles). The 
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line is drawn in accordance with equation (3). It may be noted that the factor 
0-0134, the coefficient of the term Hg, must represent the thermal resistance 
of the skin to accord with the hypothesis. 

The: other two subjects (B.H. and D.T.) were given no previous hot room 
experience, but performed three periods of work on each of 9 days made up of 
a group of 5 and a group of 4 consecutive days with a 2-day pause between. 
Results in the case of B.H. were essentially similar to those obtained on the 
first subject, but there was evidence of some Caineetios 3 in the relation on the 


8 


Sweat loss (keal mhr’) 


Calculated deep skin temperature (°C) 
Fig. 2. Sweat rate of subject B.H. @, exercising in environments of low humidity. Results for 


the first 2 days shown by numerals 1 and 2. © at rest in environments of high humidity. 
See text for method of calculation of deep skin temperature. | 


first 2 days. The regression was therefore calculated on the results of the last 
7 days. The best fit is given by 


S = (52-56 + 1-93) —34-46) + (0-922 + 0-072) Hg. (4) 
: This may also be expressed in the form 
S Hy —34: 46), (5) 


The results are plotted in the same way as before in Fig. 2 (closed circles). 
Data for the first 2 days have been included in this figure in order to show their 
relation to the remainder of the results. It appears that behaviour was dif- 
ferent on these days, but there is no evidence of any further change in the 

relation during the subsequent days. 

The results on the third subject, D.T., showed considerably greater varia- 
tion, having a residual variance of 38 as against 11 for B. H., although the range 
of sweat production observed was about the same. The results were analysed 
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in the same way, omitting the first 2 days. Although the difference between 
results on these days and on the remainder is less striking in this case (Fig. 3 
closed circles), the points all fall on the same side of the regression line, sug- 
gesting that the behaviour was essentially similar to that of B.H. The cal- 
culated relation for this subject is given by 


8 = (69-84 + 8-69) (T's —34-61) +(0-970 + 0-295) Ha, (6) 
or (7) 
300 + 
100 


Calculated deep skin temperature (°C) 


Fig. 3. Sweat rate of subject D.T. @, exercising in environments of low humidity. Results for 
the first 2 days shown by numerals 1 and 2. © at rest in environments of high humidity. 
See text for method of calculation of deep skin temperature. 


The three subjects show no very great differences in the relation between 
sweat rate and skin heat flow skin temperature. The only significant difference 
is that between the skin temperature coefficients of D.B. and B. H. (77-46 and 


_ 52-56), All have skin heat flow coefficients which are near unity, which sug- 


gests that alterations of heat flow in a given environment would produce little 
change in skin temperature. 

A possible objection to the method adopted is that since the skin heat flow 
has been calculated from the sweat rate, the partial correlation of these two 
factors has arisen because of this method of calculation. This possibility has 
been tested by selecting those observations on D.B. in which the sweat rate 
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was between 70 and 210. For these cases the sweat rates are not significantly 
correlated with skin heat flow taken alone (r =0-0225). The partial correlations 
with skin temperature and heat flow, however, are highly significant, the best 
fit equation being 

S = (69-97 + 7-94) (7', — 34-01) + (0-824 + 0-156) Hg, (8) 
or S =69-97 (7'5+0-0118 H, — 34-01). (9) 


These expressions do not differ significantly from those obtained from all 
the results on this subject (equations (1) and (2)). 


(2) SWEAT RATE IN ENVIRONMENTS OF MODERATE HUMIDITY 


In most of the experiments described in the previous section, skin wetness was 
low, and it was thought desirable to check whether the relation which had 
been found between sweat rate and calculated deep skin temperature was 
dependent on humidity. A series of experiments was therefore performed on 
subject D.B. These were started 23 days after the last of the previous series 
on this subject, and during the interval (December and January) he was not 
exposed to any environments warmer than normal room temperature. 


Methods 

The experiments were performed on 8 consecutive days. It was thought that some evidence of 
acclimatization might be found in the results, and in order to provide an independent estimate of 
this, the environment was approximately the same in all experiments. Air temperature was 
43-5° C on the first 6 days, and 43-8 and 44-5° C on the last 2 respectively. The water vapour 
pressure was 19-9 mm Hg at the start, rising to 21-6 mm Hg on the last 2 days. Air movement was 
100 ft./min linear horizontal flow throughout, the subject facing into the wind as before. 

The experimental plan was the same as for the previous experiments except that the treadmill 
gradient was 3° in every case. 

‘Sensible heat exchange was calculated on the basis of a convection plus radiation constant of 
11-2 (Nelson ef al. 1947). Evaporative heat loss was calculated as before, except that a maximum 
value at 100% wetted area was assumed. The constant for water-vapour transfer from skin to air 
was taken to be 2-08 times the convection constant (Woodcock e¢ al. 1952). No allowances were 
made for the decrease in vapour pressure consequent upon the concentration of sweat lying on 
the skin or for the possibility that parts of the skin were not completely wet while sweat dripped 
from others, The calculation is necessarily approximate, but showed some relation to the amounts 
of sweat seen to be dripping off the —— 


Results 


The results were calculated on the assumption that the relation of equation 
(2) previously obtained on the same subject would hold. The range of skin 
temperatures was deemed insufficient to provide a basis for an independent 
assessment. The points are plotted in Fig. 4, the line being drawn from the 
relation of equation (2). With the exception of the point 172: 35-8: which 
represents the first period of the first day, the results are in reasonable agree- 
ment with the previously determined relation, and there is no evidence of a 


ais 
Re 
ag 
Mes 
sy 
Ry 
a 
ay 
ing 
4 
4 
a 
Px « 
% 


perature varied from $7 to 40° C, on different occasions, the wet-bulb depression being 2° C. 
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change in slope or displacement of the line. There is no evidence of a systematic 
change in the relation from day to day in this series, although the sweat rate 
increased fairly steadily during the first 6 days, from 915 to 1190 g in 1} hr. 
Skin temperature varied over the range 34-8-35-8° C, but showed no con- 
sistent trend. It is concluded that moderate environmental humidities do not 
affect the observed relation. 


400 


34 35 36 37 38 39 40 
Calculated deep skin temperature (°C) ide 


Fig. 4. Sweat rate of subject D. B. exercising in a moderately humid environment. The calculation 
of deep skin temperature has been carried out in the same way as for Fig. 1, and the regression 
line from that figure is reproduced here. 


(3) SWEAT RATE IN ENVIRONMENTS OF HIGH HUMIDITY 


In order to enforce a different relation between deep body temperature and 


skin heat flow and by a new method to ensure that the latter was independent 
of sweat rate, some experiments were performed at very high humidity. 


The subjects in these cases were at rest, apart from the movements involved in weighing and in 
towelling the skin beforehand. Air movement in the room, estimated by katathermometer, was 
about 50 ft./min (turbulent ventilation from ceiling ducts to floor corners), but the movements of 
the subject and observers must have increased the effective air movement considerably. Air tem- 


Temperature and humidity tolerances were +0-2° C and +0:5% r.h. 
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_. The subject, wearing swimming trunks and gym ‘shoes, entered the room and waited until 
sweating was well established. This usually oceurred within about 10 min, The skin temperatures 
were then measured in the usual way and the subject dried himself with a towel and took his place 
on the balance. Since the rate of evaporation from the skin was small, the time of starting 
weighing was taken as zero time. When weighing was complete the subject left the balance and 
rested in.a chair for a few minutes. The process was repeated so that weighings took place about 
every 15 min, timing from the start of one weighing to the start of the next. Skin temperatures 
were always measured with the skin wet, and peo erating | was only effective for a very short 
time. Indeed by the time the subject had finished ‘drying’ himself, most parts of the skin were 
already running with sweat. During weighing the sweat collected on the seat of the balance and 
its weight was thus retained. 

Sensible and evaporative heat exchanges were calculated on the basis of an air movement of 
100 ft./min and a 100% wet skin. This is a necessarily approximate guess at the actual air move- 
ment, but the inaccuracy in terms of the final results is not so great as in the previous experiment. 
The temperature difference between skin and air was never more than about 3° C, so that sensible 
heat exchange was small. The vapour pressure gradient was also very small, and the total heat 
flow never exceeded an estimated 80 kcal m-*hr-', being much smaller than this in the hotter 
environments. On the basis of a temperature increment of 0-0175° C per unit heat flow (equation 5), 
an error of 0-1° C would be equivalent to.an error of 12-5 kcal m~*hr-", in skin heat flow, so that 
the percentage error in the estimate of heat flow which can be tolerated in these experiments is 
_ large. The errors in weighing and timing are considerable, because of the short times concerned, 

these being thought appropriate on account of the steady and fairly rapid rise in skin temperature 


about 50 min. 
Results 

There was a very rapid rise of skin temperature on entry, presumably due 
in part to the condensation of environmental moisture on the skin. The skin 
temperatures of different subjects in the same environment followed almost 
identical courses, rising at an almost steady rate of 2° C/hr in the hottest 
environment, Mouth temperatures, measured by a sublingual thermocouple, 
rose at about the same rate, their level depending on the mouth temperature 
at entry, but these measurements are unreliable during the later part of some 
of the experiments because of dyspnoea. There was, however, little evidence 
from the behaviour of the mouth temperature while it was being measured 
that previous mouth breathing (prohibited for 2 min. before the temperature 
was measured) had produced appreciable cooling of the sublingual mucosa. 

The results of each period of each experiment have been calculated on the 
assumption that the relation found for the subject in environments of low 
humidity would be unchanged under the new circumstances. The points have 
been plotted as open circles in Figs. 1-3. 

It will be noticed that only two points are plotted for sabject B.H. These 
represent the first two periods of one exposure. During the subsequent period, 
although there was a continued rise in both skin and mouth temperatures the 
sweat rate fell considerably, and the condition of the subject at the end of the 
hour was very poor. It is considered that some extraneous factor such as 
fatigue of the sweat mechanism must have been operating in the later = 
This — declined to undergo further exposures. ~ 
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: TaBLz l, Observations, calculated deep skin temperatures and 
) predicted sweat rates for subject D.K. 
Predicted 
7 Sweat Skin heat Calc,deep sweat Observed 
Air Vapour Air Skin rate flow skin rate predicted 
temp.’ pressure movement temp. (keal. (keal. temp. (keal, sweat 
(°C) (mm Hg) (ft/min) (°C) m*hr) m*hr) (°C) m*hr) rate 
12 300 34:5 99 36-0 131 ~32 
86 12 300 34-0 157 146 36-3 156 +1 
i 40 10. 300 34-8 154 75 36-0 ~. 131 +23 
40 10 300 34-5 167 106 36-2 148 +19 
44 17 600 36-2 275 100 37-8 279 
f 44 17 600 36-1 315 137 38-3 320 -5 
. 38 42 100 36:5 217 30 37-0 213 +4 
42 100 37-0 283 48 378 +4 
38 42 100 37-2 286 62 38-2 312 ~— 26 
P 38 42 100 37-5 386 70 38-6 345 +41 
t Exposure suit 38-7 340 0 38-7 353 ~-13 
: Predicted sweat rates have been calculated from the relation 
=82-07(T', +0-0161 H, 34-4). 
8 Deep akin temperature ia given by 
y 
400 
e 
mr 
e 200 ex 
d 
e 
100 }- 
e 
4 35. 38 39 40 
Calculated deep skin temperature (°C) 
: Fig. 5, Sweat rate of subject D.K. under a variety of circumstances, The points are taken from 
P the results set out in Table 1. 
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A fourth subject has been examined in order to make good this deficiency, 
and has also been exposed to hot dry environments at 300 and 600 ft./min 
air movement. In a further experiment-on this subject an attempt was made 
_ to prevent heat loss completely by clothing him in an inflated exposure suit 
while in a humid environment at 38° C. In this case skin temperature was only 
measured on the trunk, and only one measurement of sweat loss was practicable. 
In the calculation of the results heat loss has been assumed to be zero. The 
regression equation for this subject has been calculated on all the results taken 
together. The results are presented in Table 1, which also includes the sweat 
rates and deep skin temperatures calculated from the best fit equation and the 
observed skin temperatures and calculated heat flows. The results are plotted 
in Fig. 5. 

DISCUSSION 
The results of the experiments described in this paper demonstrate that under 
a variety of conditions the sweat rate may be deduced from the skin tempera- 


ture and the heat flow through the skin. Unfortunately the sweat rate itself 


influences both of these factors, and it is essential to be sure that the relation 
shown has physiological significance and is not merely an obscure demonstra- 
tion of some physical identity. The existence of such an identity could not be 
discerned from an examination of the experimental design, and it is considered 


improbable for three other reasons. First, the results on D.T. showed con- — 
siderably greater variation than those on B.H. although the experiments were _ 
conducted under similar conditions. Had the relation been an essentially — 


physical one it would presumably not have been influenced by biological 


variations within subjects. Secondly, the results on D.B. which were chosen — 


for lack of simple correlation between heat flow and sweat rate gave the same 
partial correlation between these quantities when skin temperature was 
included as was obtained on all the results on this subject. Thirdly, in the 
experiments conducted at high humidity the calculated rate of evaporation 
of sweat from the skin bore no relation to sweat rate because the latter was 
assumed to be always great enough to cause complete wetting of the skin. 
The results are consistent with the hypothesis that the sweat rate is deter- 


mined by the temperature of a skin stratum, superficial to which the thermal 


resistance is constant over the range of skin temperatures explored, They are 
inconsistent with any simple theory involving deep body temperature and 


superficial skin temperature. This may be shown by a general argument which — 


does not involve specific assumption of the mechanisms concerned, but only 
the assumption that sweat rate increases with a rise in either or both these 
temperatures. Since, at constant.work rate, there is very little change in deep 
body temperature over a wide range of warm environments (Nielsen, 1938) the 
relation of skin temperature to sweat rate may be determined by varying the 


environment at fixed work rate. The partial regression of skin temperature on | 
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stimulation of the heat regulating centre by neuromuscular activity (as op- 
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sweat rate will therefore be nearly independent of the assumptions made about 
the second quantity (deep body temperature, heat flow, etc.). This regression 
was determined in the first series of experiments. Now in the third series of 
experiments, at high humidity, the heat flow was small, so that the points 
plotted may be regarded as approximately uniformly displaced in the tempera- 
ture axis, and it is clear that the rate of change of sweat rate with skin 
temperature is the same as before. In these experiments mouth temperature 
was found to be changing nearly as fast as skin temperature, so that the effect 
of quite large changes in deep body temperature must have been very small. 
It is then impossible to account for the large changes in sweat rate at constant 
skin temperature which were observed in the first series. 

A further factor which has been suggested (Robinson, 1949) is a postulated 


posed to the heat generated thereby). This proves inadequate to explain the 
present results because the subject was rarely in the steady state. In most of 
the first series of experiments sweating was least during the first period of each 
session, regardless of the order in which the treadmill slopes were presented. 
The proposed neuromuscular component would depend directly on the rate of 
working and would thus be greatest for the 6° slope and less for 3° and 0°. 
Since skin temperature changed little over any one session, the changes in 
sweat rate during the different periods of the session, which have been shown 
to be closely related to skin heat flow, should show significant correlation with 
treadmill slope. This is not the case. Moreover, if the treadmill slope is used 
to replace skin heat flow in the dual regressions, no significant correlation 
between sweat rate and treadmill slope is found. 

If, by whatever mechanism, sweat rate can assume a variety of different 
values at the same surface skin temperature, then, since skin temperature is 
correlated with ambient heat load (air temperature and air movement) heat 
flow will vary directly as sweat evaporation. The observed correlation with 
heat flow in dry environments is thus no more than a demonstration of this 
fact, and the heat flows observed in the humid environments are too small to 
serve as an accurate check of the hypothesis put forward here. Its plausibility 
must be considered also from points of view other than the mere consistency 
of the results with it. 

The calculated deep skin temperatures are not inconsistent with other 
physiological temperatures. It is true that they sometimes appear slightly to 
exceed what might be deemed to be reasonable rectal temperatures for the 
conditions concerned, but there are several reasons why this might be so. The 
considerable heat production in exercising muscles must raise muscle tempera- 
ture considerably above aortic temperature, and the blood passing to the skin 
overlying them has in most cases to pass near the muscle masses and to veins 
returning hot blood from them. The temperature of blood in the inferior vena 
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cava during exercise has been found to be nearly 1° C above rectal temperature 
(Bazett, 1951). It is therefore probable that the arterial temperatures in 
exercising limbs are considerably higher than rectal temperature. Also the 
systematic error in skin temperature estimation causes the readings to exceed 
the actual skin temperature most when the air temperature is high. It is in 
these conditions that both sweat rate and skin temperature are normally high, 
so that the higher deep skin temperatures have probably been overestimated 
on this account. If there should in fact be any decrease in superficial thermal 
resistance with increasing skin temperature, the range of actual deep skin 
temperatures would be less than that calculated, and the rate of change of 
sweat rate with deep skin temperature correspondingly greater. 

The calculated deep skin temperatures are consistent with a fairly super- 
ficial site for the postulated nerve endings. Indeed, the most superficial 
anatomical site which seems appropriate, immediately below the epidermis, 
would imply a thermal resistance, of about half that which is required. This 
assumes a mean thickness of 0-3 mm for the epidermis. This siting, however, 
is definitely too superficial to provide a satisfactory explanation of the results, 
and it seems more probable that the nerve endings may be situated at about 
the level of the superficial arterial plexus. The temperatures observed here by 
Bazett in the forearm (Bazett, 1951) of about 0-5 and 1-5° C above the surface 
temperature in resting and working subjects respectively are roughly those 
which might be expected at the level of the postulated receptors, but an 
accurate check is impossible as the heat flow was not measured when the 
cutaneous thermal gradients were determined. 

The siting of the receptors deep to some of the cutaneous blood vessels raises 
a difficulty, since the thermal resistance superficial to them has been assumed 


to be constant. The fact that the observations are consistent with this assump- 


tion does not rule out the possibility of a varying resistance, since if this 
changed uniformly with, say, the skin temperature, it would be very difficult 
to detect. The actual response of the sweat rate to receptor temperature would 
be more sensitive than that which has been deduced on the assumption of a 
constant thermal resistance, but the end result would be very similar. Some 
such change is in fact required in order to explain the observation of sweating 
at skin temperatures below about 31° C (Robinson, 1949). This has also been 
observed in this laboratory, and the results are difficult to explain unless some 
change of superficial thermal resistance is assumed. Under such conditions, 


however, there is considerable variation in the skin temperatures of different — 


parts of the body, and a proper weighting of these would involve a knowledge 
of the epidermal thicknesses and the receptor densities in different areas.:. 
It is concluded that the results described in this paper may be satisfactorily 
explained on the assumption that sweat rate is determined by the temperature 
_ of hypothetical end-organs situated at about the level of the superficial arterial 
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plexus in the dermis. No evidence was obtained which suggested that any 
other factors significantly influenced the sweat rate. 

The: results could not easily be explained on the assumption of direct 
denendeniie of sweat rate on deep body temperature, nor was any direct — 
stimulation by neuromuscular activity detectable. Both these factors would 
be expected to influence sweat rate indirectly by their effects on peripheral 
blood distribution and temperature. 


SUMMARY 


1. The literature on the relation of sweat rate to skin and heli — 
temperatures is difficult to reconcile with the hypothesis of control of sweat 
rate depending on these two factors. 

2. On the basis of previous work the hypothesis is put forward that the 
sweat rate depends on the temperature of receptors situated at some depth i in 
the skin. 

3. Observations on subjects exercising in hot dry environments are con- 
sistent with the hypothesis stated in (2) above, whether or not the steady state 
has been reached. 

4. The observed relation is not coe by raising the humidity to a 
moderately high level. | 

5. The same subjects at rest in warm and very humid environments showed 
the same relations between sweat rate and calculated deep skin temperature. 

6. The findings suggest that the rate of sweat production may be controlled 
by the temperature of nerve endings situated at about the level of the San 
ficial arterial plexusin the dermis. 


I wish to thank Mr D. F. Brebner and Mr J. L. Waddell for their indefatigable assistance, and 
the Director-General of Medical Services, R.A.F., for permission to publish this work. 
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(Received 19 July 1954) 


The observation that heparin in vivo causes rapid clearing of visible fat from 
the blood of lipaemic animals has attracted widespread attention in recent 
years (Hahn, 1943; Weld, 1944; Swank, 1951). This lipaemia-clearing action 
requires extremely small intravenous doses of heparin, but does not occur 
when heparin is added to lipaemic blood or plasma in vitro. Lipaemic blood 
samples, withdrawn from animals shortly after the injection of heparin (post- 
heparin blood) exhibit continuing clearing in the test-tube as shown by periodic 
chylomicron counts or turbidity measurements on the plasma (Swank & Levy, 
1952). Furthermore, the addition of cleared post-heparin plasma to lipaemic 
plasma or to artificial fat emulsions causes fat-clearing to occur. The rate of 
decrease in optical density of such in vitro systems has been used to estimate 
the ‘clearing-factor’ activity of post-heparin plasma (Anderson & Fawcett, 
1950). 

The lipaemia-clearing action of post-heparin plasma has been shown to be 
owing to the presence of a complex composed of heparin, a factor derived from 
tissues, and a co-protein of plasma (Anfinsen, Boyle & Brown, 1952). It has 
also been shown that lipaemia-clearing by heparin is accompanied by an 
alteration in the ultracentrifugal characteristics of the plasma (Graham, Lyon, 
Gofman, Jones, Yankley, Simonton & White, 1951; Boyle, Bragdon & Brown, 
1952). Large, low-density lipoproteins, among which are classed the chylo- 
microns, are apparently transformed into smaller lipoproteins of higher 

* Supported by grants-in-aid from the Multiple Sclerosis Society of Canada and the Department 
of National Health and Welfare, Ottawa. 
+ Present address: Montreal General Hospital Research Institute, 3619 University St., 


Montreal, Quebec, Canada. 
t Present address: University of Oregon Medical School, Portland 1, Oregon, U.S.A. 
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density. Little is known, however, regarding the mechanism through which 
these transformations occur. 

It has recently been shown that human post-heparin plasma possesses 
distinct lipolytic activity when tested against egg-yolk and serum lipoproteins 
(Shore, Nichols & Freeman, 1953). An observation made in this laboratory 
has also shown that the tributyrin esterase activity of dog plasma is rapidly 
increased following the injection of heparin (Levy & Swank, 1954). It was 
further demonstrated that the esterase and clearing-factor activities of post- 
heparin dog plasma generally undergo parallel changes under the influence of 
temperature or heparin-combining agents; the latter were also found to be 
effective in reversing the above activities when injected into heparinized dogs. 

The presence of two or more esterases in normal plasma has recently been 

reported by a number of investigators (Adams & Whittaker, 1949; Aldridge, 
1953). The physiological role of these enzymes is not well-defined, however, 
and it has not been possible to assign to them a normal fat-splitting function. 
- Since the injection of heparin causes a marked increase in the tributyrin 
esterase activity of dog plasma and a questionable increase in that of human 
plasma (Levy & Swank, 1954), the following questions arose: 
(a) Does im vivo heparin accelerate the activity of an already-present enzyme 
in dog plasma or does it act through the release or formation of a new enzyme? 
_ (6) Does the enhanced esterase activity of post-heparin dog plasma play 
a role in lipaemia-clearing, and if so, how? 

(c) Does a fundamental species difference exist in the enzymic response to 
heparin in dog and human plasma? 

(d) Is post-heparin plasma actively lipolytic toward its assumed physio- 
logical substrate, i.e. chylomicrons? 

The present report is an attempt to provide some preliminary answers to 
these questions. 

| | MATERIALS AND METHODS | 
Blood samples were drawn into 1/10 volume of sodium citrate solution (38%) from normal 
dogs and human subjects. Heparin (Connaught Laboratories) was injected (less than 1 mg/kg) 
intravenously, and 5-10 min later a further blood sample was drawn. The separate samples of pre- 
and post-heparin blood were centrifuged at 3000 rev/min for 10 min and the plasma taken off and 
placed in a number of small tubes (10 x 75 mm). These tubes were placed in the freezing compart- 
ment of the refrigerator (—18° C) and kept frozen until needed for esterase and clearing-factor 


determinations. Both kinds of activity appeared to be stable for an indefinite period of time under 
these conditions. 


The assay of plasma esterase activity was performed by the manometric technique under the 


following conditions: sodium bicarbonate solution (1-3%) was gassed for 10 min with a mixture 
of 5% CO, in N, (v/v); 1-4 ml. was then added to the main compartment of the Warburg flask. 
To this were added 0-5 ml. of tributyrin emulsion (5%, v/v) and a mixed-salt solution of such a 
concentration as to bring the entire contents of the flask (3-0 ml.) to volume and approximately 
to the ionic composition of Ringer’s solution without calcium. Ringer’s solutions containing 
5 and 10 times the usual concentration (NaCl 0-92, KCl 0-042, NaHCO, 0-15 g/100 ml.) were kept 
on hand for appropriate dilutions. To the side-arms of the flasks were added plasma (dog 0-5 ml., 
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human 0-3 ml.) and the substance under test or its solvent (0-3 ml.). The final concentration of the 
test substance in the flask was therefore 1/10. of its original concentration. Control vessels for 
measuring spontaneous CO, output by the various substrates and inhibitors used were included 
in all determinations. The vessels were gassed with 5% CO, in N, (v/v) for 15 min and equilibrated 
to 38° C on the bath. Side-arm contents were tipped into the flasks, and thereafter manometer 
readings were taken every The first 10 min reading was neglected 
in calculating average gas output. 

The chylolytic activity of post-heparin itiias was determined manometrically as described 
above, but using thoracic duct chyle from dogs, saline-washed (0-85% NaCl) chyle-fat, ene 
plasma, or washed chylomicrons (0-8 ml.) instead of tributyrin as the substrate. 

The estimation of clearing-factor activity was performed by adding post-heparin plasma con- 
taining the substance under test to a suspension of either washed chylomicrons or thoracic duct 
chyle from a dog and measuring the rate of decrease in turbidity. A control tube contained 
plasma and the solvent used for dissolving the inhibitor. In practice, 0-6 ml. of inhibitor solution 
was incubated with 1-0 ml. of post-heparin plasma for 20 min at 37° C. This was mixed with the 
fat suspension (4-4 ml.) in standard-sized cuvettes (19 x 105 mm) and optical density readings 
were taken at a wavelength of 650 my in a Coleman Universal Spectrophotometer. Readings 
were taken at definite time-intervals for a period of 90 min or longer. The cuvettes were kept at 
a temperature of 37° C between readings. 


Notes on inhibitors 

Eserine (physostigmine) sulphate (Brickman). Freshly dissolved in distilled water. : 

Quinine sulphate (Brickman). Dissolved in hot distilled water to a concentration of 10-*m. 
Further dilutions were made up in cold distilled water. 

Diethyl-p-nitrophenylphosphate (EZ 600) (Albright and Wilson Ltd.). A stock solution containing 
125 mg/ml. was made up in anhydrous propylene glycol. Further dilutions were prepared freshly 
in distilled water. 

Tetraethyl hosphate (T EPP) (Bios Laboratories). A stock solution was gtepered 46 follows: 
0-1 ml. (112 3 mg) was 1 weighed and dissolved in 0-9 ml. of anhydrous propylene glycol. Further 
dilutions were prepared freshly in distilled water prior to use. 

D-Tubocurarine chloride (curare) (Abbott). Aqueous dilutions were prepared from a sterile 
solution containing p-tubocurarine ‘chloride (3 mg/ml.), sodium metabisulphite (0-1 mg/ml.) and 
0-:9% benzyl alcohol. 

Atoxylic (p-aminophenyl arsonic, oe acid (British Drug House). Dissolved in 0-15m- 
NaHCo,. 


RESULTS 
The effects of dilution on the esterase activities of normal and 
| post-heparin dog plasma 
The possibility that the enhanced esterase activity of post-heparin dog plasma 
is due to the presence of a soluble activator in the plasma was examined 
roughly by studying the effects of dilution. The experiment described in Fig. 1 
was performed using various dilutions of normal and post-heparin dog plasma 
with isotonic Ringer’s solution (see ‘Methods’). It can be seen that the 
esterase activities of both samples of plasma were directly proportional to the 
volume of plasma used. This result suggests that the activity of both normal 
and post-heparin plasma toward tributyrin are effects which are independent 
of soluble co-factorsin plasma. | Ae 
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The effects of drugs on the esterase activities of normal ond 
post-heparin dog plasma 
Richter & Croft (1942) have shown that the tributyrin esterase activity of 
normal dog and human plasma is due almost entirely to the action of cholin- 
esterase and can be inhibited by eserine. The action of this and other known 
inhibitors of cholinesterase or ali-esterase activity have therefore been studied 


320 


o———o Normal plasma 
x———- Post-heparin plasma 


83 


Plasma esterase activity (j!. CO2/30 min) 


j 
0 0-2 0-4 0.6 08 
Plasma volume (ml.) : 
Fig. 1. The relationship between esterase activity and volume of normal and post-heparin dog 
plasma, Plasma samples were added to the side-arms of the reaction vessels in the volumes 


shown. Ringer’s solution (see ‘methods’) was added in amounts required to vans the 
contents of the side-arms to a volume of 0-8 ml. | 


for their possible influence on the enhanced esterase activity of post-heparin 
dog plasma. In the graphs to be shown, the difference between normal and 
post-heparin plasma esterase activity (depicted as interrupted lines drawn 
between points) is taken to represent the activity induced by heparin. 
Inhibitor concentrations are expressed as final concentrations in the Warburg 
flasks. 

Eserine sulphate. The effects of varying concentrations of eserine sulphate 
on the esterase activities of normal and post-heparin dog plasma are shown in 
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Fig. 2. The activities of the different samples of plasma were reduced approxi- 
mately to the same extent at each of the eserine concentrations used, i.e. the 
activity induced by heparin (interrupted lines, Fig. 2) was not significantly 
affected by eserine. While 10-*m-eserine caused almost total inhibition of the 
esterase activity of normal plasma, the activity induced by heparin was not 
affected even at a concentration of 10-*m-eserine. Four identical experiments 
performed with normal and post-heparin plasma obtained from different dogs 
yielded similar results, differing only with respect to the absolute activities of 
the plasma samples. 

These observations suggest that the rise in plasma tributyrin esterase 
activity which occurs following an injection of heparin in dogs is caused by the 
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o——0o Normal plasma 
X———X_ Post-heparin plasma 
@-----@ Activity induced by heparin 
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Plasma esterase activity (yl. CO2/0-5 ml./30 min) 


3 


0 10° 105 


Eserine concentration (molar) 


Fig. 2. Effects of eserine sulphate on the esterase activities of normal and post-heparin dog 
plasma. Blood samples were obtained from a dog (15-0 kg, 3) before and 5-9 min after an 
intravenous injection of heparin (40 units/kg). 


presence of a new eserine-resistant enzyme in post-heparin dog plasma. The 
possibility that cholinesterase activity of the plasma is independently affected 
by the heparin injection was tested using normal and post-heparin dog plasma 
against varying concentrations of acetylcholine (6-25x10-* to 2x 10-*m), 
benzoyleholine (10-5 to 10-1m) and acetyl-f-methylcholine (8x10-* to 
5 x 10-2m) (Mendel, Mundell & Rudney, 1943). No significant differences were 
observed between the activities of normal and rn — toward any 
of these substrates. 
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- Quinine sulphate. Fig. 3 shows the effects of quinine sulphate on the esterase 
activities of normal and post-heparin dog plasma. Except for the highest con- 
centration used (10-*m), quinine sulphate at each concentration caused 
approximately the same absolute inhibition of the esterase activities of normal 
and post-heparin plasma. These results indicate that quinine, like eserine, 
inhibits normal plasma esterase but has little influence upon the esterase 
activity induced by heparin (interrupted lines, Fig. 3). However, 10-*m- 
quinine did not completely inhibit normal plasma esterase and caused a 
significant reduction (46%) in the activity induced by heparin. A duplicate 


280 


o——o Normal plasma 
Post-heparin plasma 
e----@ Activity induced by 


82 . 3 
| 


Plasma esterase activity (jl. CO,/0-5 mi./30 min) 


i 
Quinine concentration (molar) 
Fig. 3. Effects of quinine sulphate on the esterase activities of normal and post-heparin dog 


intravenous injection of heparin (53 units/kg). 


experiment performed with plasma samples obtained from a different “s 
showed the same relative effects. These results support the view that post- 
heparin dog plasma contains a new enzyme having properties which distin- 
guish it from the esterase normally present in dog plasma. This ‘heparin- 
enzyme’ appears to cause hydrolysis of tributyrin independently of normal 
plasma esterase and to be more resistant to the action of quinine. | 
Diethyl-p-nitrophenyl phosphate (E 600). The effects of E 600 on the esterase 
activities of normal and post-heparin dog plasma are shown in Fig. 4. In con- 
centrations between 10-* and 10-° this agent caused almost parallel inhibition 
of the activities of the two plasma samples. The activity induced by heparin 
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(interrupted lines, Fig. 4) was therefore not significantly affected at these 
concentrations. However, 10-‘m-E 600 caused total inhibition of the esterase 
activity of normal plasma and 70% inhibition of the activity of post-heparin 
plasma. The activity induced by heparin was greatly reduced (53%) at this 
concentration. 10-*m-E 600 caused total inhibition of the esterase activities 
of both normal and post-heparin plasma. The results of this and two similar 
experiments with E 600 provide further evidence for the presence of a new 
esterase in post-heparin dog plasma, and suggest that this ‘heparin-enzyme’ 
is more resistant to the action of E 600 than normal plasma esterase. 

Normal plasma 
%——X Post-heparin plasma 
Activity induced 

heparin. 


| Plasma esterase activity CO2/0-5 mi./30 min) 


E600 concencentration (molar) 

Fig. 4. Effects of E 600 on the esterase activities of normal and post-heparin dog plasma. Blood 
' samples were obtained from a dog (15-0 kg, ¢) before and 5-12 min after an intravenous 
injection of heparin (60 units/kg). | 
' Tetraethylpyrophosphate (TEPP). Four experiments in which TEPP was 
incubated with normal and post-heparin plasma from different dogs yielded 
_ results similar to those described in Fig. 5. Increasing concentrations of TEPP, 
within limits, caused increasing inhibition of the esterase activities of normal 
and post-heparin plasma in a parallel manner. In the experiment shown in 
Fig. 5, the esterase activity of normal plasma was almost totally inhibited by 
10-*m-TEPP; that of post-heparin plasma was strongly but not completely 
inhibited in the presence of 10-*m-TEPP. The activity induced by heparin 
(interrupted lines, Fig. 5) was greatly reduced only at the latter concentration. 
These results again suggest that the higher esterase activity of post-heparin 
dog plasma is due to the presence of a new enzyme in the plasma, and that this 
enzymé is a great deal more resistant to the action of TEPP than normal 
plasma esterase. | 
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p-Tubocurarine chloride. The experiment described in Fig. 6 shows the 
effects of curare on the esterase activities of normal and post-heparin dog 
plasma. Similar results were obtained in a duplicate experiment performed 
with plasma samples obtained from a different dog. Concentrations of curare 
lower than 1-2x 10-2m had little effect on the esterase activity of either 
normal or post-heparin plasma. The highest concentration used (3 x 10-'m), 
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o——o Normal plasma 
X——X Post-heparin plasma 
@----e Activity induced by heparin 


Plasma esterase activity (1. CO2/0-5 ml./30 min) 


107 10* 105 10° 
TEPP concentration (molar) 
Fig. 5. Effects of TEPP on the esterase activities of normal and post-heparin dog plasma. Blood 


samples were obtained from a dog (19-0 kg, 2) before and 3-15 min after an intravenous 
injection of heparin (53 units/kg). 


however, caused strong inhibition (53°) of the activities of both samples of 
plasma. As the control activity of post-heparin plasma was twice that of 
normal plasma in this experiment, the extent of inhibition of post-heparin 
plasma in an absolute sense was much greater, i.e. the activity induced by 
heparin (interrupted lines, Fig. 6) was strongly inhibited at 3 x 10-1m-curare. 
Since normal plasma esterase was equally inhibited at this concentration, these 
results may contribute knowledge of the properties of the ‘heparin-enzyme’ 
but do not help to demonstrate its existence. Assuming that the activity 
induced by heparin is due to the presence of such an enzyme, this enzyme 
appears to be sensitive to concentrations of curare higher than 6 x 10-*M. 
Atozylic acid. The effects of atoxylic acid, like those of curare, may contri- 
bute knowledge of the properties of the ‘heparin-enzyme’ in post-heparin dog 
plasma, but do not contribute greatly to the demonstration of its existence. 
In the experiment described in Fig. 7, the esterase activity of normal plasma 
_ was significantly inhibited only at a concentration of 10-*m and that of post- 
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o——o Normal plasma 
Post-heparin plasma 
@-----@ Activity induced by heparin 
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3 


Plasma esterase activity CO2/0-5 mi,/30 min) 
8 


i 
0 48x10* 24x10? 12x10? 6x10* 3x10" 
Curare concentration (molar) 
Fig. 6. Effects of p-tubocurarine chloride on the esterase activities of normal and post-heparin 


dog plasma. Blood samples were obtained from a dog (15-0 kg, 3) before and 5~12 min after 
an intravenous injection of heparin (60 units/kg). 


240 o——o Normal plasma 
= X%——X Post-heparin plasma 
z @----@ Activity induced by heparin 
ES 
| 
0 146x105 8x10° 4x104 2x10° 107 


Atoxylic acid concentration (molar) 


Fig. 7. Effects of atoxylic acid on the esterase activities of normal and post-heparin dog plasma. 
- Blood samples were drawn from a dog (15-0 kg, 3) before and 5-12 min after an intravenous 


injection of heparin (60 units/kg). 
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heparin plasma at 2x 10-*m-atoxylic acid. The highest concentration used 
(10-*m) caused 35°% inhibition of normal plasma esterase activity and much 
stronger inhibition (63°) of the esterase activity of post-heparin plasma. This 
represents a strong inhibition (85%) of the activity induced by heparin and 
may therefore indicate that the ‘heparin-enzyme’ is more sensitive to atoxylic 


_ acid than normal plasma esterase. Similar results were obtained in a duplicate 


experiment performed with plasma samples from a different dog. — 
290 r 


Normal plasma 
X-——X Post-heparin plasma 
@-----® Activity induced by heparin 


Plasma esterase activity (p21. CO,/0-3 mi./30 min) 


0 10” 10+ 105 10+ 
Eserine concentration (molar) 


Fig. 8. Effects of eserine sulphate on the esterase activities of normal and post-heparin human 
plasma. Blood samples were drawn from a human (60 kg, 3) before and 5-8 min after an 
intravenous injection of heparin (2000 units). 


The effects of eserine on the esterase activities of normal and 
post-heparin human plasma 

Karly experiments revealed that while the injection of heparin in human 
subjects caused rapid clearing of their lipaemias, only suggestive but non- 
significant increases in plasma esterase activity occurred (Levy & Swank, 
1954). The activity of normal plasma was also found to be much higher in 
humans than in dogs. This suggested that the hydrolysis of tributyrin by 
normal plasma esterase was possibly masking the activity of the ‘heparin- 
enzyme’ in human post-heparin plasma. 

The effects of varying concentrations of eserine sulphate on the esterase 
activities of normal and post-heparin human plasma are shown in Fig. 8. 
Similar results were obtained in two other experiments performed with plasma 
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samples obtained from different subjects. As previously noted for dog plasma 
(Fig. 2), it can be seen that increasing concentrations of eserine caused in- 
creasing inhibition of the esterase activities of normal and post-heparin human 


_ plasma in a parallel manner. While normal plasma esterase activity was almost 


completely inhibited by 10-*m-eserine, the activity induced by heparin (inter- 
rupted lines, Fig. 8) was not significantly affected even in the presence of 
10-*m-eserine. These results indicate that the injection of heparin causes the 
appearance of a new eserine-resistant esterase in the — of human 


_ subjects. 


The relationship between esterase and clearing-factor 
activity of post-heparin plasma 

Effects of eserine. A relationship between heparin-induced esterase activity 
and the lipaemia-clearing action of heparin has been indicated by previous 
work (Levy & Swank, 1954) but remains somewhat uncertain. Having shown 
that the presence of eserine (10-*m) inhibits normal plasma esterase activity 
in dogs almost completely without affecting the activity induced by heparin 
(Fig. 2), the effect of eserine on the clearing-factor activity of several different 
samples of post-heparin dog plasma was tested. It was found that the rate of 
clearing of lipaemic plasma by post-heparin plasma in vitro was not signifi- _ 
cantly affected by 10-*m-eserine. 

Since esterase and clearing-factor assays performed on aliquots of single 
large samples of post-heparin plasma may not adequately express the physio- 
logical changes occurring in the animal, a series of blood samples were drawn 
from a dog following an injection of heparin, and the plasma samples were 
tested for esterase and clearing-factor activity. The results of this experiment 
are described in Fig. 9. Clearing-factor activity is expressed here as the 
decrease in optical density of lipaemic plasma in the 10 min following the 
addition of the post-heparin plasma samples. The 10 min interval was chosen 
because the early portions of these optical density curves are the steepest and 
may best represent enzymically controlled processes in the clearing reaction. 
Esterase activity of the plasma samples is shown both in the presence and 
absence of 10-*m-eserine. 

Since eserine inhibits the activity of normal plasma esterase almost com- 
pletely, and apparently has no effect upon the activity produced by heparin 
(see Fig. 2), the difference between activities of untreated and eserine-plasma 
is taken to represent normal plasma esterase activity during this experiment. 
This may be illustrated by the following equation for samples of post-heparin 
plasma: 


Untreated plasma Eserine-plasma 
+‘ChE’ activity) —(‘Heparin-enzyme’ activity) 
=‘ChE’ activity. 
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The calculated curve of normal plasma esterase (‘ChE’) activity is shown as 
interrupted lines in Fig. 9. The brief depression in this curve 10 min after the 
injection of heparin therefore may represent a transient inhibition of plasma 
cholinesterase by heparin in this experiment. However, the horizontal trend 
of this curve supports the view that normal plasma esterase is not involved 
in the rise in activity produced by heparin. 


mr 8 X——X Untreated plasma 
o——0 Eserine-plasma 
@----@ Eserine-sensitive 
160 activity 


ex 


3 


Plasma esterase activity CO2/30 min) 


i 1 i i 
0 20 40 60 80 100 120 
Time after heparin injection (min) 


Fig. 9. Changes in plasma esterase activity (a), and clearing-factor activity (b), following an 


intravenous injection of heparin (25 units/kg) in a dog. Plasma esterase activity was deter- 


mined both in the presence and absence of 10~* m-eserine sulphate. Eserine-sensitive activity 
was calculated by difference between the other two curves. Clearing-factor activity is 
expressed as the decrease in optical density of lipaemic plasma 10 min after the addition of 
samples of test-plasma (post-heparin and normal control). 


With respect to the lower curve (Fig. 9), which depicts clearing-factor 
activities of the plasma samples, it can be seen that this curve is remarkably 
similar to that of plasma esterase activity in the presence of eserine. This 
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correlation between heparin-induced clearing potency and esterase activity 
of the plasma samples suggests that these forms of activity are intimately 
related. 


Effects of drugs on the clearing activity of post-heparin dog plasma 
The hypothesis that the esterase activity induced by heparin plays a primary 
role in fat-clearing implies that any agent which abolishes the activity of the 
‘heparin-enzyme’ in post-heparin plasma will probably abolish its clearing- 
factor activity. The experiments described in Fig. 10 tend to support this point 
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Fig. 10. Effects of drugs on the clearing-factor activity of post-heparin dog plasma. Clearing- 
factor activity is expressed as the decrease in optical density at 650 mp of a suspension of 
saline-washed chylomicrons following the addition of post-heparin dog plasma. The inhibitors 
under test were incubated with the samples of post-heparin plasma at 37° C for 20 min before 
mixing with the chylomicron suspension, The concentrations of inhibitors shown are ex- 
pressed as final concentrations in the mixture. 


. of view. High concentrations of atoxylic acid (1-7 x 10-*m), E 600 (10-*m) and 


TEPP (10-*m), previously shown to inhibit the esterase activity induced by 
heparin, also caused strong or total inhibition of in vitro fat-clearmg by post- 
heparin plasma. The fatty suspensions employed in these studies were 
chylomicrons obtained from the blood of lipaemic dogs and washed and re- 
suspended in saline (0-85°/ NaCl solution). Post-heparin plasma samples from 
different dogs were used in duplicate tests which yielded the same general 
results as those described in Fig. 10, except in the case of quinine sulphate and 
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D-tubocurarine chloride. In the experiments shown in Fig. 10, these agents in 
the concentrations shown, caused a marked increase in both the initial rate and 
the extent of fat-clearing by post-heparin plasma. However, in two other 
determinations using more active plasma samples from different dogs, quinine 
and curare had either a slightly inhibitory effect or none at all on the clearing 
activity of the plasma. The ability of these alkaloids to form salts with heparin 
(Jorpes, 1946) and their variable effects on the clearing reaction, suggest that 
the concentration of heparin in the plasma may influence the effects of these 
agents on its clearing activity. 

Several other agents have been examined for their possible influence on the 
esterase and clearing-factor activities of post-heparin plasma. In line with 


earlier work (Levy & Swank, 1953), the effects of histamine dihydrochloride | 


and the potent histamine-liberator diaminodecane dihydrochloride (DA 10) 
were studied. These substances in concentrations of 10-*m caused 20% in- 
hibition of the esterase activity induced by heparin. DA10 had no influence 
on in vitro fat-clearing but histamine caused some inhibition of clearing in the 
duplicate determinations. Sodium nucleinate (1 mg/ml.) had no effect on 
either system. The bile salts, sodium taurocholate and sodium cholate 
(deoxycholate), in concentrations of 5 x 10-*m, produced fivefold increases in 
the esterase activities of both normal and post-heparin plasma and totally 
inhibited im vitro fat clearing (Fig. 10). Sodium glycocholate (5x 10-*m) 
which slightly inhibited the esterase activities of pre- and post-heparin plasma, 
also caused total inhibition of clearing (Fig. 10). These bile-salt effects suggest 
that agents which may alter the physical state of the fat in the clearing 
reaction, can inhibit clearing regardless of their influence on the esterase 
_ activity of the plasma. Marked clumping of the chylomicrons in lipaemic 
plasma was observed microscopically soon after the addition of bile salts to the 
edge of the cover-glass. 3 


The lipolysis of chylomicrons 

The observation that post-heparin dog plasma contains a tributyrin 
esterase distinct in several ways from that of normal plasma has suggested that 
this new enzyme plays a role in lipaemia clearing. However, since the chylo- 
- mnicron presumably represents a lipoprotein complex containing long-chain 
neutral fats (Frazer, 1949), it was considered important to establish that the 
‘heparin-enzyme’ can, in fact, hydrolyse chylomicrons. 

Using the release of CO, from a bicarbonate buffer as a measure of hydrolysis 
and thoracic duct chyle, lipaemic plasma, washed chylomicrons or chyle-fat 
from dogs as substrates, studies were carried out which showed conclusively 
that post-heparin, but not normal dog plasma has chylolytic properties 
(Fig. 11). Post-heparin plasma from a human subject and a rabbit have also 
been shown to possess these properties. Throughout these experiments it was 
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noted that chyle and chylomicron hydrolysis did not take place at a constant 
rate but decreased slowly with time. This effect is somewhat similar to the 
‘catalytic’ hydrolysis of triolein referred to by Adams & Whittaker (1949) and 


may likewise be explained by the accumulation of long-chain fatty acids at the 
 oil-water interface (Frazer, 
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Fig. 11. The lipolysis of thoracio duct chyle and washed shislsndocenn by post-heparin dog plasma. 
The vertical columns show the rates of hydrolysis of the various substrates indicated beneath 
them. For details, see text. 


The results shown in Fig. 11 illustrate a number of inteamatini features about 
the chylolytic effect of post-heparin plasma, It can be seen that compared 
with the hydrolysis of tributyrin the physiological substrates break down very 
slowly and at a rate which appears to be limited by factors other than the 
concentration of particulate fat. Thoracic duct chyle (optical density at 
650 my: 1: 1000 = 0-257) diluted with 0:85 % NaCl over a range of 1: 125 (before 
addition to the reaction vessel) showed no reduction in the rate of hydrolysis. 
A higher dilution of the chyle substrate (1:625), however, exhibited a greatly 
reduced rate of breakdown. A sample of relatively clear subnatant lymph 
(optical density at 650 my: 0-035), obtained by high-speed centrifugation of 
chyle was found to be as adequate a substrate as the original, heavily turbid 
chyle. Other samples of clear subnatant lymph, however, exhibited some 
reduction in the rate of lipolysis. Samples of plasma which were highly trans- 
_hucent — from fasting dogs or subnatants from centrifuged lipaemic 
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plasma) gave no evidence of fatty acid release in the presence of post-heparin 
plasma despite the well-known existence of dissolved lipids in such plasma 
(Swank & Wilmot, 1951). Washed supernatant chyle-fat was an adequate 
substrate in these tests but cleared post-heparin plasma itself exhibited no 
spontaneous activity. 

Having shown previously that certain agents strongly inhibit the tributyrin 
esterase activity induced by heparin, these agents were tested in duplicate for 
their effects upon the chylolytic action of post-heparin plasma. The following 
drugs showed either total or stong inhibition of the hydrolysis of a 
diluted suspension of chyle: diethyl-p-nitrophenylphosphate (EK 600) (10-*™); 
tetraethylpyrophosphate (TEPP) (10-*m); atoxylic acid (10-*m); azure A 
(0-5 mg/ml.); protamine sulphate (1-1 mg/ml.). As these agents, in the con- 
centrations shown, were also found to inhibit the esterase activity Induced by 
heparin, it is probable that the chylolytic effect and the enhanced esterase 
activity of post-heparin plasma are both caused by the ‘heparin-enzyme’. The 
hydrolysis of chyle was not affected by 10-*m-eserine sulphate, 2 x 10-*m- 
quinine sulphate, 3 x 10-'m-p-tubocurarine chloride or lower concentrations 
of E 600, TEPP, and atoxylic acid, Sodium fluoride (10-'m), sodium nucleinate 
(1-1 mg/ml.), histamine dihydrochloride (10-*m), and high concentrations 
(10-* m) of the potent histamine liberators, compound 48/80 and diaminodecane, 
also had no effect on chyle-splitting by post-heparin plasma. 

Several other agents have been examined for their possible activating in- 
fluence upon chyle-lipase activity. The tripeptide pi-leucylglycylglycine in a 
concentration of 10-*m apparently caused lipolysis of washed chyle-fat in the 
presence of normal plasma (e.g. 17 1. CO,/0-5 ml. /30 min) and a 40% increase 
in the rate of lipolysis by post-heparin plasma (normal =25 pl. 0O,/0-5 ml./30 
min). The chylolytic action of post-heparin plasma was not influenced by 
sodium cholate (5 x 10-*m) and was strongly inhibited by sodium glycocholate 
(5x 10-*m), The action of sodium taurocholate was more complicated, how- 
ever. This agent in a concentration of 5x 10-*m, like leucylglycylglycine, 
appeared to cause lipolysis of washed chyle-fat in the presence of normal 
plasma, but slightly inhibited the chylolytic activity of post-heparin plasma 
(Table 1). In addition to these effects, it was repeatedly observed that when 
normal untreated chyle instead of washed chyle-fat was employed as the 
substrate, lipolysis in the presence of sodium taurocholate took place at a much 
higher rate (c. 100 ul. CO,/30 min) and was the same for both normal and post- 
heparin plasma. Further studies (Table 1) revealed that the higher CO, output 
under these conditions was largely owing to the fact that clear subnatant 
lymph. and, to a smaller extent, plasma appears to react with sodium tauro- 
cholate even in the absence of particulate fat. The action of sodium taurocho- 


late may, therefore, involve both the inhibition of chyle lipolysis by post-heparin — 


plasma and a hydrolytic reaction between lymph (or plasma) from dogs and 
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sodium taurocholate itself. The latter effect may be related to the fact that the 
tributyrin esterase activity of lymph (subnatant chyle) was actually higher 
(46%) than that of normal dog plasma. 


Tasuz 1, The reaction between sodium taurocholate (5 x 10-*m) and lymph 


Activity 
7 Reaction mixture* (ul. CO,/30 min) 
fat (1 : 5 in Ringer’s) 4 
Post-heparin plasma + chyle-fat (1 : 5 in Ringer’s) 22 
Normal plasma + chyle-fat (1 : 5 in Ringer’s) + Na taur. 20 
Post-heparin plasma +chyle-fat (1 : 5 in Ringer’s) + Na taur. 17 
Na taur. +chyle (undiluted fatty lymph) 52 
Na taur. + chyle (1 : 5 in Ringer’s) ' 21 
Na taur. + chyle-fat (washed, undiluted) 0 
Na taur. + chyle-fat (1 : 5 in Ringer’s) 1 
Na taur. +chyle-fat (1 : 5 in subnat. lymph) 54 
Na taur. + chyle-fat (1 : 5 in plasma) 9 
Na taur. + clear subnat. lymph 69 
Na taur. + plasma 15 
Na taur. +0-85% NaCl 0 


* The components of the reaction mixture were present in the following amounts: plasma or 
Ringer’s solution, 0-5 ml.; sodium taurocholate (5 x 10-*m), 0:3 ml.; NaHCO, (13%), 1-4 ml.; 
chyle (opt. dens. 1 : 500 =0-121) or chyle-fat (opt. dens. 1 : 500 =0-510), 0-8 ml. The contents were 
brought to a volume of 3-0 ml. with Ringer’s solution (see ‘Methods’) where necessary. 


DISCUSSION 


Laissiaie blood, which is drawn shortly after the injection of heparin and 
examined microscopically under dark-field illumination, shows a decrease in 
both size and number of chylomicrons during the examination (Swank & Levy, 
1952). This observation originally led to the view that post-heparin plasma 
contains a chylolytic material. While the truth of this earlier suggestion has 
been verified above, the overall clearing reaction is not necessarily the result 
of lipolytic activity alone. Lipaemia clearing by heparin appears rather to be 
the end result of a complex series of physico-chemical reactions. 

The participation of post-heparin plasma esterase activity in lipaemia 
clearing has been discussed previously (Levy & Swank, 1954). It is difficult, 
however, to determine the correct sequence of events. Brown, Boyle & Anfinsen 
(1953) suggest that plasma esterase activity plays an essential, but secondary, 
role in the ester hydrolysis, i.e. ‘the observed esteratic hydrolysis occurs 


through lipase action, but only after a preliminary modification of the lipo- 


protein or triglyceride emulsion substrate by the co-protein-clearing factor 
system’. Shore et al. (1953), on the other hand, believe that “the lipolysis 
reaction could conceivably be a direct cause of the observed lipoprotein 
transformations’, and suggest that the products of hydrolysis, which are more 
hydrophilic than the original material, could play an important role in the 
clearing-factor reaction. 

The statement that heparin injections cause transformations in the structure 
of lipoproteins leaves unanswered the question as to the mechanism through 
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which such transformations occur. The changes in size and density of these 
molecules following the injection of heparin suggest their conversion from 
protein structures heavily charged with lipid, to higher density molecules 
composed, to a greater extent, of protein. These transformations, observed 
with the ultracentrifuge, together with the clearing reaction, could thus be 
accounted for by the simple dissolution and removal of lipid from the lipo- 
protein molecules. While the above changes are probably too rapid to be 
explained solely in terms of lipolytic activity, it is believed that the increase 
in hydrophilic groups (i.e. glycerides and fatty acids) at the lipid-protein 
interface (Oncley, Gurd & Melin, 1950) even before extensive lipolysis has 
occurred, may adequately explain the rapid disappearance of fat in the plasma. 

French, Robinson & Florey (1953) have shown that the extent of chyle- 
clearing by post-heparin plasma in vitro is determined by the volume of plasma 
rather than the amount of clearing-factor present. They also observed that 
normal plasma has the ability to clear chyle which has been exposed in excess 
to the action of post-heparin plasma and then washed free of clearing-factor. 
These observations suggest that clearing is ultimately a function of normal 
plasma components, e.g. albumins (Brown e al. 1953; Robinson & French, 
1953), which require no heparin for their action. The role of heparin thus 
appears to be associated with the primary phases of the clearing mechanism, 
although an independent influence upon the secondary reaction is not ruled out. 
The finding that heparin in vio causes the appearance of a new esterolytic 
enzyme in blood coincident with lpaemia clearing suggests that clearing- 
factor and the “heparin-enzyme’ are one and the same active complex. Assay 
methods in which whole plasma is used cannot entirely demonstrate the truth 
of this concept. However, since clearing activity and the esterase activity 
induced by heparin have a number of important properties in common, and no 
major differences, it is assumed that clearing factor acts by virtue of its 
lipolytic properties. The active enzyme is conceived as a protein derived from 
tissues and combined with heparin as its “prosthetic group’. The addition of 
protamine or azure A to post-heparin plasma has been shown to inhibit both 
its clearing and esterase activities without restoring the turbidity of the plasma. 
In terms of the above concepts the action of these heparin-binding agents 
suggests that the removal of heparin from clearing factor inactivates the 
enzyme, but has no effect on the hydrophilic groups which are maintaining the 
fat in a dissolved state. Since the intravenous injection of protamine or azure 
A causes a rapid return of the plasma turbidity in heparinized lipaemic dogs 
(Brown, 1952; Levy & Swank, 1954), it is suggested that the metabolic 
removal of the products of hydrolysis, together with inactivation of the 
“heparin-enzyme’, restores the turbidity of the plasma. 

The action of heparin-combining agents suggests only that heparin itself 
plays an essential role in the activity of the ‘heparin-enzyme’. Other agents 
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which modify the action of heparin or combine with it strongly enough may 
therefore inhibit the activity of the enzyme. Some of the drugs used in the 
present study, however, do not necessarily act in this way. E600 and TEPP, 
for example, influence the activity of the enzyme in such low concentrations 
that it appears unlikely that their mechanism of action is one of salt-formation 
with heparin. Possibly these organo-phosphorus inhibitors act by phosphory- 
lating the enzyme simultaneously with their own breakdown, as described for 
their mode of action on the cholinesterases (Aldridge & Davison, 1953). Also 
atoxylic acid in high concentrations does not produce clotting in heparinized 
plasma and therefore appears to have no affinity for heparin. It seems possible 
that these agents may affect the enzyme-substrate union by attaching them- 
selves to active groups of the protein component of the ‘heparin-enzyme’. 

A true description of the properties of the ‘heparin-enzyme’ in terms of 
substrate specificity, pH optimum, etc., must await its isolation in a relatively 
pure state. However, some suggestions as to the kind of esterase we are dealing 
with can perhaps be made on the basis of its activity within the plasma 
environment. The fact that post-heparin plasma fails to hydrolyse triolein at 
a higher rate than normal plasma (Levy & Swank, unpublished) suggests that 
the “heparin-enzyme’ is not a true lipase. The chylolytic property of post- 
heparin plasma, however, may indicate that the ‘heparin-enzyme’ can 
hydrolyse fats and esters of greater chain-length than normal plasma esterase. 
The observation that chyle-lipolysis by post-heparin plasma proceeds, like 
triolein hydrolysis, at a declining rate irrespective of the substrate concentra- 
tion, may be explained as a progressive accumulation of long-chain fatty acids 
at the oil-water interface, where they may interfere with the continued 
action of the enzyme (Frazer, 1948). We have also observed that chylomicrons 
from the blood of dogs fed cream, triolein or cod-liver oil, are all susceptible to 
hydrolysis by post-heparin plasma. It is interesting to note that thechylomicrons 
from cod-liver oil-fed dogs showed the lowest rate of hydrolysis, a finding 
which may reflect the presence of longer-chain triglycerides in cod-liver oil than 
in the other two fats. ) 

The chylomicrons which appear in blood following the ingestion of a fat meal 
are known to be composed mainly of neutral fat and small amounts of chole- 
sterol (Swank & Wilmot, 1951). However, most workers agree that these 
particles are lipoprotein complexes in which protein groups are intimately 
associated with those of the lipids at the interface, as discussed for soluble 
B-lipoproteins of serum (Oncley e al. 1950). The presence of phospholipid 
(probably in trace amounts) at the lipid-protein interface is suggested by the 
‘creaming’ effect of lecithinase on the chylomicrons in lipaemic plasma (Frazer, 
1948). The complex structure of these lipoprotein macromolecules makes it 
difficult to suggest which kind of chemical group is susceptible to the action 
of the ‘heparin-enzyme’. The fact that lipaemia clearing induced by heparin 
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is followed. by the combination of fatty acids with the albumins of plasma 
(Robinson & French, 1953) points to the hydrolysis of fatty acid esters at the 
lipid-protein interface. However, the work of Shore e al. (1953) makes it 
appear unlikely that phospholipids or cholesterol esters are the source of these 
fatty acids. The actual substrate for the “heparin-enzyme’ may be either neutral 
fats or lower glycerides formed earlier by the action of pancreatic lipase on the 
intestinal fat (Peers, 1953). 
SUMMARY 

1, The rise in tributyrin esterase activity of plasma which occurs following 
the injection of heparin in dogs, was found to be independent of the esterase 
normally present in the plasma. Varying concentrations of eserine sulphate, 
quinine sulphate, diethyl-p-nitrophenylphosphate (E600) and tetraethyl- 
pyrophosphate (TEPP) within limits, caused parallel inhibition of the esterase 
activities of normal and post-heparin plasma. Concentrations of eserine 
(10-* to 10-*m) and TEPP (10-* to 10-*m) which caused total inhibition of 
normal plasma esterase had no influence on the esterase activity induced by 
heparin. 

2. Compared with normal plasma esterase, the activity induced by heparin, 
Le. the absolute difference between the esterase activities of normal and post- 
heparin plasma, was more sensitive to the action of atoxylic acid (10-*m) and 
about equally sensitive to that of p-tubocurarine chloride (3 x 10-'m). 

3. The presence of an eserine-resistant esterase (‘heparin-enzyme’) in the 
plasma of human subjects following the injection of heparin was also demon- 
strated. 
4. Evidence was obtained that the ‘heparin-enzyme’ plays an essential role 
in fat-clearing by post-heparin dog plasma, Samples of dog plasma, obtained 
following an injection of heparin, exhibited almost the same relative dif- 
ferences in clearing potency as in esterase activity induced by the heparin. 
Also, drugs in concentrations which caused strong or total inhibition of the 
esterase activity induced by heparin (e.g. atoxylic acid, E600, TEPP) also 
caused strong or total inhibition of in vitro fat-clearing by post-heparin plasma. 

5. Plasma obtained from dogs following the injection of heparin caused slow 
lipolysis of chyle-fat and blood chylomicrons obtained from fat-absorbing 
dogs. The rate of lipolysis was limited by factors other than the concentration 
of particulate fat. 

6. The chylolytic action of post-heparin dog plasma was strongly inhibited 
E600 (10-*m), TEPP (10-*m), atoxylic acid (10-*m), azure A (0-5 mg/ml.), 
protamine sulphate (1-1 mg/ml.) and sodium glycocholate (5x 10-°m). The 
effect of sodium taurocholate was probably inhibitory but its action was com- 
plicated by unknown hydrolytic reactions with lymph and plasma. 

7. The above findings have been discussed in terms of the mechanism of 
lipaemia clearing by in vivo heparin. 
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HEXOSE PERMEABILITY OF FOETAL ERYTHROCYTES 


By W. F. WIDDAS 


From the Department of Physiology, St Mary’s Hospital. 
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(Received 23 July 1954) 


Although the permeability properties of erythrocytes from various species have 
been the subject of extensive investigations during the present century, few 
studies have been made on the erythrocytes from foetal blood. Widdas (1951) 
reported that the haemolysis of foetal sheep erythrocytes in hypotonic saline 
was markedly slower than that of adult sheep erythrocytes. A similar result 
for human foetal erythrocytes has been reported by Sjélin (1954) who also 
studied the mechanical and osmotic resistance (fragility) ener in foetal and 
neonatal blood. 

That there might be a difference in permeability to sugars seemed possible 
from the observation by Hitchcock (1949), confirmed in this Department by 
Dobbing & Long (unpublished observations), that the sugars in the blood of 
the foetal sheep were approximately evenly distributed between cells and 
plasma, whereas the maternal blood sugar was all in the plasma. A study of 
the distribution of sugars in foetal bloods of various species has recently been 
reported by Goodwin (1954). | 

The distribution of sugar between cells and plasma gives no evidence as to 
the nature of the permeability, and the present investigations were undertaken 
to see if the process of penetration was a simple diffusion or a facilitated 
transfer such as is postulated to account for glucose penetration into the adult 
human erythrocyte (LeFevre, 1948; Widdas, 1954a). 

A preliminary account of the results was given to the XIX International 
Physiological Congress (Widdas, 1953a). 


METHOD 
The apparatus used (Orskov type) was as described (Widdas, 19536) and the experimental 
technique and method of analysing the results followed that used for studies on the hexose 
permeability of human erythrocytes (Widdas, 1954a). 
The method of collecting foetal blood varied in accordance with the facilities available. In the 
laboratory, foetuses were delivered by caesarean section under anaesthesia (spinal anaesthesia in 
the case of the sheep, Nembutal in the case of guinea-pig, rabbit and cat), and blood obtained from 
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difference on the experimental results. 

In the case of the pig and deer the shies wes removed from the animal after it had been shot. 
The foetuses were dead, but the foetal blood was still fluid and sufficient was obtained either by 
umbilical venepuncture or cardiac puncture. 

Human foetal blood was similarly obtained after foetal death, the whole conceptus being re- 
moved at a therapeutic caesarean section. 


RESULTS 


Foetal cells of sheep, deer, pig, rabbit, guinea-pig and human showed re- 
swelling in hypertonic mixtures of glucose and saline (1-0°% NaCl solution); 
that is, they are qualitatively permeable to glucose. In the case of the rabbit, 
however, the cell volumes were relatively unstable and the results were not 
suitable for quantitative measurements. Foetal cat red cells did not reswell in 
glucose solutions and thus are judged to be impermeable. 

To decide the type of process involved in hexose penetration of foetal cells 
three types of experiment were made: 

(1) The effect of increasing glucose concentration was studied and the 
swelling curves analysed on a basis of (a) diffusion, and (b) near saturation 
carrier kinetics (Widdas, 1952, 1954a). 

(2) The swelling curves in solutions of the ketose sugar sorbose were com- 
pared with those in glucose solutions in a number of experiments. 

(3) Where possible the method of glucose sorbose competition was employed 
to estimate the value of ¢, (the equilibrium constant of the carriers _— 
with glucose). 

Glucose 

Reswelling curves in four different concentrations of glucose (obtained “ 
repeated injections of 0-5 ml. glucose solution in 21 ml. dilute cell suspension) 
were analysed on a basis of the diffusion equation 


=F (0, V), (1a) 

where C’ refers to the initial hexose concentration and C is the total hexose 
concentration of the medium. V is the volume of cell water. In equation (1) 
k is the penetration constant on a basis of diffusion, ¢ is the time in minutes 


taken to reach volume V and F(C, V) is a function of the glucose concentrations 
(C and C’) and the volume of cell water (V). Plotting the times taken to reach 


intermediate volumes on the reswelling curve against calculated values of — 


F(C, V) should give a straight line with slope equal to k, the diffusion penetra- 
tion constant. This is illustrated in Fig. 1, the data being from a typical 
experiment with foetal guinea-pig erythrocytes. 

It is seen that as the concentration of glucose in increased the value of k is 
markedly reduced. If log k is plotted against log C as in Fig. 2 it is found that 
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the points fit a line with a slope of approximately —2. This result is similar to 
that obtained by Wilbrandt, Guensberg & Lauener (1947) for human erythro- 
cytes and may be expected from the kinetics of a hexose carrier (Widdas, 1952). 


6 70 42 14 16 
t min | log C 
Fig. 1 Fig. 2 
Fig. 1. Guinea-pig erythrocytes from foetus of 63 days gestation age. Reswelling curves in glucose 
solutions analysed by plotting times to reach intermediate volumes against F(C, V). The 
concentration was increased in stages. Points @ represent a glucose concentration of 
0-1165; points x , 0-227; points ©, 0-333; points A, 0-435 isotonic units. The slopes indicate 
_ the values of k the penetration constant on a basis of diffusion. — 


Fig. 2. Plot of log & against log C. The values of k and C were obtained from the result shown 
in Fig. 1. The continuous line has been drawn with a slope of —2. 


Analysing the same data by the near saturated carrier equation of the 
earlier paper (Widdas, 1954a) 
’ C—C 
k’t=C(1+C) +1-—(1+0C) (140) (2) 
=F’ (C, V), (2a) 
the result illustrated in Fig. 3 is obtained. The points lie about a common line 
whose slope (k’ = 0-058) gives the near saturated carrier constant. 

This equation is an approximation of the full carrier equation such that 
k' = K¢, where K represents the maximum transfer of sugar into the cell if the 
externally placed carriers were fully saturated with glucose and the internally 
situated carriers unsaturated. ¢ represents the equilibrium constant of the 
carriers reacting with glucose. 
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Erythrocytes of foetal sheep, deer, pig and human show the same features 
and the method of analysis illustrated in Fig. 3 has been used to estimate the 


‘value of k’ in each case. 


0:30 


0-25 


t min 
Fig. 3. Result of Fig, 1 analysed by the near saturated carrier equation. Measured times to 
reach intermediate cell volumes have been plotted against calculated values of F’(C, V) in 
the four different glucose concentrations: @, 0:1165; x, 0-227; ©, 0-333; and A, 0-435 
isotonic units. — 


tmin 


Fig. 4. Analysis of reswelling curves in four increasing concentrations of sorbose according to 
the diffusion type equation. Measured times to reach intermediate volumes have been 
plotted against calculated values of F(C,V). The concentrations were: @, 0:1165; x, 0-227; 
©, 0-333; and A, 0-435 isotonic units. | 


Sorbose 
Swelling curves of foetal guinea-pig cells in sorbose solutions analysed by 


__ the — equation (1) are shown in Fig. 4 and satisfactorily fit a line of 
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slope k= 0-32, whereas plotted according to the near saturated carrier equation 
four lines of widely differing slopes are obtained. 

This means that the kinetics of sorbose penetrations are somewhat different 
from glucose as they are in the case of the human erythrocyte. In the previous 
paper (Widdas, 1954.) it was explained that the kinetics of the carrier transfer 
approximated to the diffusion equation when the carrier equilibrium constant 
was high relative to the hexose concentrations used. In this approximation 
the diffusion penetration constant k can be replaced by K/¢, where K and ¢ 
have the same significance as referred to above. 

Since the values obtained from foetal bloods for k, ind k, differ from those 
found in adult human erythrocytes the differences may his. 3 in the respective 
values of K, of ¢, or of both. The ratio 


Kgtucose _ Ke, 


where the subscripts g and s refer to glucose and sorbose respectively, is 
independent of K, and it seemed of interest to calculate this value for the 
results of the different species. 


Tasre l. Species variation in hexose permeability of erythrocytes } 

_ Showing the range of values of k’ glucose, & sorbose and the ratio k,/k, found in the different 
species examined. The constants are derived from isotonic units and equations previously described 
(Widdas, 1954a). The numbers i in brackets indicate the number of samples on which the measure- 
ments have been made, 


Species ki lk, 
Foetal pig 0-007 (2) 0-073 (1) 0-15 (1) 
Foetal deer 0-013 (1) 0-128 (1) 0-10 (1) 
Foetal sheep 0-027 (24) 0-275 (18) 0-10 (18) 
Human adult 0-027 (7) 0-22 (7) 0-12 (7) 
Human foetus 0-051 (3) — —_ 
Foetal guinea-pig 0-073 (8) 0-45 (3) 0-15 (3) 


Table 1 gives a summary of the values of Kojscoser Ksorbose 224 the above 
ratio obtained from the experiments in which sorbose penetration was measured. 
In the case of the deer and pig only a limited number of samples were available, 
and quantitative measurements of sorbose penetration were only made on one 
sample in each case. Average values for erythrocytes from one human adult 
are given for comparison with the foetal results. 


Although there were few samples of pig and deer foetal bloods examined 


and there exists a considerable range of values of ki, ,sog¢ between species it 
is felt that the ratio k/k, is in reasonable agreement, and that the major 
differences which exist are most probably in the values of K and not of ¢. This 
is what might be expected if the carrier molecules in the various species were 
sumilar biochemical entities. 
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Glucose-sorbose competition 

Experiments on glucose-sorbose competition such as those described for the 
human erythrocyte (Widdas, 1954a) have been carried out on selected samples 
of red cells from foetal sheep and foetal guinea-pigs. The cases were necessarily 
selected since it was found that cell suspensions prepared from some foetal 
bloods were not stable over long periods in the cuvette. Two samples of foetal 
sheep’s blood and four samples of foetal and neonatal guinea-pig blood have 
been tested in this way and the mean values of ¢, obtained were 11 and 14 mu 
for foetal sheep and guinea-pig cells respectively. As pointed out in the 
previous paper, the estimation of ¢, by this method may be in error by a factor 
of two, but these values agree well with that found in the human erythrocyte 
by the same technique. The results give further support to the suggestion that 
the equilibrium constants of the hexose carriers are similar in the different 
species. 

| Post-natal change 

The post-natal change in permeability to glucose was followed in a guinea- 
pig over a period of 65 days. It was found that the value of k’ fell from 0-058 at 
the 2nd day to 0-039 by the 9th day, and thereafter was difficult to estimate 
accurately but was in the range 0-027 to 0-012 on the 23rd day. Although 


penetration of glucose continued to be detectable up to the 5lst day, the 


amplitude of the reswelling part of the record obtained with the apparatus 


Taste 2. Post-natal change in glucose permeability of young guinea-pig erythrocytes 
Results from erythrocytes of a young guinea-pig at different ages. The reduction in light change 

in which kisscose lay is shown. 


Reswelling 

as percentage o 
Days Weight total light 
post-natum (g | (%) 
2 119 0-058 49 
9 185 0-039 44 
16 238 0-024-0-040 20 
23 275 0-012-0-027 17 
37 342 0-017-0-030 19 
51 409 0-012-0-029 9 
65 470 Negligible 3 


decreased with age, and this made quantitative assessment unreliable. By the 
65th day the change in the trace due to reswelling was less than 3% of the 
total change in light transmission (i.e. that due to the dilution effect and cell 
shrinkage in the hypertonic mixture of glucose and saline). The results of this 
experiment are summarized in Table 2. 

Although the fall in k’ may be interpreted as a loss of carriers by the cells 
in the early post-natal period the diminished amplitude of the light change 


_ due to swelling of the cells is suggestive of a mixing of permeable red cells with 
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cells whose permeability is negligible, and which remain in a shrunken 
condition. The initial light change due to shrinkage of the cells would be 
unchanged in such a mixture (since all the cells take part), but only the glucose 
permeable cells would return to their former volume and the amplitude of 
light change during reswelling would thus be reduced. Such diminished 
amplitudes are given by suspensions made up of a mixture of foetal and adult 
guinea-pig erythrocytes. More experiments of this nature are required, how- 
ever, before the possible factors responsible for bringing about this change can 
be elucidated with certainty. 
The post-natal changes in the sheep have not been studied. 


DISCUSSION 


Kozawa (1914) demonstrated that human erythrocytes were permeable to 
hexoses and pentoses as were the erythrocytes of Macacus rhesus. The red 
cells of ox, pig, rabbit, guinea-pig, goat, horse, ram and cat were all imperme- 
able but dog cells were slowly permeable to glucose. 

Since Kozawa’s work (1914), glucose permeability has been regarded as a 
specialization of human and ape erythrocytes (Jacobs, 1939; LeFevre & 
LeFevre, 1952). Wilbrandt (1938) studied the slow permeability shown by dog 
erythrocytes, but in that species the time taken to attain equilibrium is over 
1 hr in relatively low hexose concentrations compared with 1 or 2 min taken 
by the human erythrocyte. 

The erythrocytes from the foetal blood of the pig, rabbit, guinea-pig, sheep 
and deer display a glucose permeability of the same order of magnitude as that 
of the human erythrocyte. In six species so far examined only the erythrocytes 
of the foetal cat failed to show glucose permeability. The erythrocytes from 
human foetal blood were found to have a greater permeability than the adult 
but only by a factor of two. Their permeability compares with that of foetal 
guinea-pig erythrocytes. The specialization of the primate erythrocyte in 
regard to glucose permeability is thus not unique and the differences observed 
in the adult animal do not extend to foetal bloods. 

The penetration of glucose into foetal erythrocytes of various species is not 
only qualitatively similar to that of the adult human erythrocyte but has the 
same kinetic characteristics which for the human erythrocyte (LeFevre, 1948; 
LeFevre & LeFevre, 1952; Widdas, 1954a) have been adduced to indicate the 
existence of a carrier mechanism or facilitated transfer. Their behaviour towards 
ketose sugars and the estimations of the carrier equilibrium constant in the 
case of foetal guinea-pig and foetal sheep cells suggest that all species possess 
_ asimilar hexose carrier mechanism but that they possess it to different degrees. 
_ The anomaly of the erythrocytes of foetal cats brings to mind the fact that 
adult cat erythrocytes are characterized by a low potassium content and this 
has been confirmed also for red cells of cat foetuses. On the other hand, Wise, 
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Caldwell, Parrish, Flipse & Hughes (1947) suggested that high potassium 
content may be a feature of foetal erythrocytes in the ox, and this has been 
found to apply also in the sheep (Hallman & Karvonen, 1949; Widdas, 19545). 


Foetal sheep cells have a glucose transfer mechanism and from results 


(Goodwin, 1954) on the distribution of sugars between cells and plasma it 
would appear that a similar mechanism exists in foetal erythrocytes of the ox. 
Thus in the ruminant the foetal erythrocytes may have a further difference 
from the adult erythrocytes in regard to their potassium and sodium 
concentrations. 

It may be thought that since the accumulation of potassium and the 
extrusion of sodium by cells requires metabolic energy, those cells provided 


- with a glucose transfer mechanism of the type described, would be at an 


advantage and that this might be a factor in the higher potassium content 
found in foetal sheep erythrocytes relative to the adult cells. However, in the 


- guinea-pig (Widdas, 19540) the rapid penetration of sugar into foetal erythro- 


cytes would appear to confer no advantage since both foetal and adult cells 
have about equal potassium concentrations. There are several possible explana- 
tions for this finding. (i) Glucose may be metabolized at the cell surface with- 
out penetration. Various workers, e.g. Conway & Downey (1950), Rothstein, 


_ Meier & Hurwitz (1951) suggest that this occurs in yeast, but there is no 
evidence of its occurrence in erythrocytes. (ii) The potassium accumulation 


and sodium extrusion mechanism may use an alternative substrate. Thus — 
Clarkson & Maizels (1954) have found that lactate was effective for the sodium 
extrusion mechanism of chick erythrocytes. (iii) It has been pointed out 


_ (Widdas, 1954) that the inward transfer of glucose into the human erythro- 


cyte is about 250 times the rate which would be necessary for the cell’s 
metabolic requirements. By analogy if the adult guinea-pig cells were to 
possess @ carrier transfer to a degree only about 0-5% of that observed in the 
foetal cells it might still be adequate to supply the metabolic needs. Such a low 
glucose permeability may have escaped detection by the methods employed 
by Kozawa and is not suitably studied by the Orskov technique since the 
metabolic removal of glucose may not allow its accumulation within the cell 
and hence osmotic equilibration with the external medium, on which the 
method depends, will be incomplete. A few results suggest that such a slow 
penetration of glucose does exist in adult guinea-pig erythrocytes, and further 
work on this problem is proposed. , 

For the present a more cautious view of the erythrocyte impermeability to 
glucose reported by Kozawa is advisable until adult cells from each of the 


species concerned can be re-examined by other methods, but even if some 
__ erythrocytes prove to be slowly permeable there will still be differences of two 


orders of magnitude between their rates of glucose penetration and those found 


in erythrocytes of human adult blood. 
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SUMMARY 

1. In experiments using foetal blood, glucose permeability was displayed 
by erythrocytes of five out of six species examined (sheep, deer, pig, rabbit and 
guinea-pig), Erythrocytes of foetal cats did not show glucose penetration. 

2. The rates of glucose penetration were of the same order as found in the 
adult human erythrocyte. In addition, the response to increasing glucose 
concentration and the penetration of sorbose showed features which are 
characteristic of a facilitated transfer by @ carrier mechanism. 

3. In erythrocytes of foetal guinea-pigs and foetal sheep the carrier equi- 
librium constant for glucose was estimated by sorbose-glucose competition 
experiments and was similar to that found for human erythrocytes. 

4, The results are consistent with the foetal cells of these mammals 
- possessing a facilitated hexose transfer mechanism essentially similar to that 
of the human erythrocyte but different in degree. 

.5. The foetal erythrocytes of the sheep (but not of the guinea-pig) also have 
a higher potassium concentration than the adult cells and a possible relation- 
ship to glucose permeability is discussed. : 
_ The author is indebted to the Central Research Fund of the University of London for a grant 
for apparatus. He is grateful to Dr 8. Gordon, Director of Agricultural Research Council Field 
Station, Compton, to Prof. Hamilton and Dr J. F. D. Frazer, Charing Cross Hospital Medical 
School and to the Obstetric and Gynaecological Department of St Mary’s Hospital, for facilities 


for obtaining some of the foetal blood specimens. Part of the expenses of this research was met 
from an A.R.C. and M.R.C. grant to Prof. A. St G. Huggett. : 
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THE UPTAKE OF RADIO-IODINE BY THE THYROID GLAND 
OF THE RABBIT 


By K. BROWN-GRANT anp J. G. GIBSON 


From the Department of Neuroendocrinology, Institute of Psychiatry, 
Maudsley Hospital, London, S.E.5 


(Received 30 July 1954) 


Study of many aspects of thyroid function has been greatly facilitated by the 
use of radio-iodine, and various techniques for the assessment of thyroid 
function have been evolved to satisfy the particular needs of different 
investigators. 

Uptake of I by the thyroid after administration of a tracer dose has 
formed the basis of many of these techniques. There are very great theoretical 
advantages in a clearance estimation, relating the rate of uptake measured 
shortly after injection of *I to the blood concentration (Myant, Pochin & 
Goldie, 1949). 

Repeated in vivo determination of thyroid clearance in the unanaesthetized 
laboratory animal presents certain problems not encountered in clinical 
investigations. This paper is concerned with an attempt to overcome some of 
the difficulties encountered in an earlier study on the uptake of I by the 
rabbit thyroid (Brown-Grant, von Euler, Harris & Reichlin, 1954), and the 
development and testing of a method for the measurement of thyroid clearance 
in the rabbit. 

Immediately after injection of radio-iodine, the counting rate obtained from 
a y-ray detecting device near the thyroid region of an animal is due to ™J, 
both in the thyroid and in neck tissues and blood in ‘sight’ of the counter. 
Preferential accumulation of '**I by the thyroid is soon obvious as a rise in the 
counting rate when the counter is ‘aimed’ at the thyroid region; but an 
accurate estimate of the counts due to thyroid and those due to extra-thyroidal 
131] is essential if a useful measurement of the initial rapid phase of thyroid 
uptake is to be obtained. In an earlier study (Brown-Grant, von Euler, 
Harris & Reichlin, 1954) the detecting device used was a large y-sensitive 
Geiger-Miiller tube in close contact with the thyroid region, and an approxima- 
tion to the true thyroid count was obtained by subtracting a correction for 
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tissue background, which was found to be a function of the blood con- 
centration, from the total neck count. While a satisfactory estimate of thyroid 
uptake over the first 4-5 hr could be obtained with this technique, no precise 
study during the first hour after injection was possible. Estimations of 
thyroid clearance rates in these experiments showed that there appeared 
to be a marked decrease in this rate after the first 1-2 hr, associated with the 
appearance of protein bound ™I in the blood. Any reliable measurement of 
uptake in the rabbit, therefore, would have to be made in the first hour after 
injection of radio-iodine when the non-thyroidal background is at its highest. 
A collimated Geiger-Miiller tube would enable thyroid radioactivity to be 
estimated in the presence of a high blood and tissue concentration of radio- 
iodine, but the sensitivity of such instruments is low. For accurate estimates 
this would necessitate the use of large doses-of I, and in order to avoid this 
the more sensitive and highly directional scintillation counter was used as 
detecting device in this study. | 


MATERIAL AND METHODS 


Adult female rabbits of between 2-0 and 2-8 kg body weight were used. The animals were kept in 
individual cages in a temperature-controlled animal room (28° C) and fed a pellet diet (M.R.C. 
diet no. 18) and tap water ad lib. The fur over the front of the neck was closely trimmed with 
scissors before each experiment. The operations of thyroidectomy and‘ hypophysectomy were 
performed under Nembutal anaesthesia as previously described (Brown-Grant, von Euler, Harris 
& Reichlin, 1954). 

The following drugs and hormones were used: potassium iodide (KI) and potassium thiocyanate 
(KSCN) (A.R. grade) dissolved in distilled water, 4:methyl-2:thiouracil (B.D.H.) in alkaline 
suspension, synthetic sodium u-thyroxine (‘ Eltroxin’, Glaxo) in suspension in 0-9% NaCl solution, 
thyrotrophic hormone (TSH) (Armour Laboratories, lot no. R 377157), dissolved in 0-:9% NaCl 
solution immediately before administration, cortisone acetate (Merck and Co.) and stilboestrol 
(B.D.H.). Dosage and route of administration are given in the relevant sections of the paper. 

Carrier-free radio-iodine, as sodium iodide, was injected into the marginal vein of the ear. 
A standard dose of 3 uc in a volume of 0-5-1-0 ml. was used in all experiments. 

The scintillation counter used in the experiments incorporated a 4 in. cube thallium-activated 
Nal crystal. This instrument, type N509, and the ratemeter used in conjunction with it, type 
N 522, were manufactured by E.K. Cole Ltd. | 

The optimal operating conditions for the detection of low activity sources of **I were found 
experimentally to be 1450 V EHT supply (132 V per photo-multiplier stage), a pre-amplifier gain 
of x 150 and input pulse discriminator bias of 15V. Paralysis time was less than 0-5 usec. The 
design of the lead collimator is shown in Fig. 1. At a distance of 8-5 cm from the crystal centre 
(4-5 cm from the collimator surface) the counting rate from an effective point source of I fell 
to 50% at a displacement of 1 cm from the central axis. The background counting rate with this 
collimator was 1:5+0-1 counts/sec. 

The rabbits were immobilized in a padded wooden clamp (Fig. 2A) of a type described in a 
previous paper (Brown-Grant, von Euler, Harris & Reichlin, 1954). The neck stock, the position of 
which could be altered for varying size rabbits, is shown in Fig. 2B. By adjusting the position of 
the stock and the rubber padding, the trachea and larynx were brought over the hole in the 
platform. The thyroid cartilage with the rabbit in this position provides an easily palpable land- 
mark by means of which the position of the thyroid relative to the hole in the platform could be 
checked. When the rabbit was correctly positioned the neck veins were not constricted and there 
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‘was no respiratory obstruction; the animals would remain in this clamp without excitement or 
struggling for up to 4 hr if necessary. The majority of experiments, however, were for 1-1} hr 
periods only. Errors of positioning were easily detected and rectified as they produced venous 
congestion with protrusion of orbital contents. With the rabbit in position the scintillation counter, 
which was mounted vertically on calibrated runners in the long axis of the animal and at right 
angles to this, was brought up to the thyroid from below to a set height, the top of the collimator 


being at the level of the platform. Final ‘sighting’ was achieved with the aid of two white guide 


Modified collimator 


Fig. 1. The dimensions of the lead collimator, and the relationship to 
the rabbit thyroid when in use. 


marks at right angles to each other on the top of the collimator, and intersecting over the crystal. 
These were aligned with similar marks on the under surface of the platform, so that the centre of 
the collimator abutted over the rabbit’s thyroid. The positioning of the thyroid and the alignment 
of the scintillation counter was checked on many occasions in rabbits with residual radioactivity 
in their thyroid. Maximal counting rates were almost invariably obtained by this technique; 
occasionally a slightly higher rate (< 5% increase) could be obtained by further slight transverse 
or longitudinal movement of the scintillation counter. Normally, however, movement of the 
scintillation counter 0-5 cm in either direction reduced the counting rate significantly. 


RESULTS 
| (1) The measurement of thyroidal radio-iodine content in vivo 
With the rabbit positioned as described under ‘Methods’, a 3c dose of radio- 
iodine was injected intravenously. The ratemeter counting rate rose to a peak 
of about 8 counts/sec above background at 10-15 sec after injection, fell again 
and then rose again to about 6 counts/sec at 20-25 sec after injection. By 1 min 
after injection the counting rate had usually settled to between 2 and 3 counts/ 
sec (these and all other counting rates quoted are counts/sec after deduction of 
background, and corrected for isotope decay where necessary). The subsequent 
uptake was followed by taking readings of the counting rate at minute 
intervals. In some early experiments readings were taken every 30 sec for the 
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Fig. 2 (A) General view of clamp and scintillation counter. 
(B) Detail of neck stock and counter. 


331 


" 
3 
: 
q 
ag 
fey 
». 
tog 
‘ 3 
van ay 
d 
4 
4 
r 
vd 
hay 
4 
ag 
7 
oly 
a 
vag 
Ag 
2 
4 
Q 


332 K. BROWN-GRANT AND J. G. GIBSON 


first 10 min after injection. The counting rate rises either gradually or — 
and is usually doubled by between 5 and 10 min after injection. 

It seemed, from the low initial counting rate at the time when blood con- 
centration of 81] is highest, that radioactivity from extra-thyroidal tissues 
would not be a serious difficulty: it was necessary, however, to known what 
variation occurred in this tissue background over the first 2 hr after injection. 
Hence experiments were performed on two thyroidectomized rabbits and the 
following observations made. A constant background counting rate (2-3 
counts/sec) was established 1-2 min after injection of “I. The count was 


ind 
0 30 1 40 270 


Minutes after injection 


Fig. 3. The constancy of the tissue background counting rate in the thyroidectomized rabbit 
after injection of 3 uc of Each point represents the average of five consecutive readings 
at minute intervals. 


constant over the first hour and then fell very ‘sity over the next 3 hr. It 
was only at the end of this period that the fall in counting rate was significant. 
One experiment is illustrated in Fig. 3. The results of all seven experiments 
(four in one rabbit and three in the other) were essentially the same. The 
anatomy of the thyroid region might be abnormal in these rabbits. To control 
this possible source of error experiments were therefore performed on normal 
rabbits in which the uptake of 4I by the thyroid gland was prevented. Three 
rabbits were injected with 3uc of *11+5 mg of potassium iodide (!27I) and 
four rabbits were injected with I 20 min after a subcutaneous injection of 
200 mg of potassium thiocyanate. The background counting rate up to 65 min 
after injection in all of the iodide experiments, and in three out of four of the 
thiocyanate experiments, was essentially the eame as in the experiments on 
thyroidectomized animals. In the other thiocyanate experiment uptake was 
not completely blocked (see § 3 of this paper). The counting rate due to blood 
and tissue background remained remarkably constant up to at least 1 hr after 
injection. It is known that in the rabbit, blood concentration of 11I falls 
rapidly after injection; the concentration in tissue fluids, however (estimated 
by counts of the extensor muscle mass of the thigh), may increase up to 1 hr 

and fall slowly thereafter (Brown-Grant, von Euler, Harris & Reichlin, 1954). 


Under the conditions of the present series of experiments the neck background 
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count was constant up to 1 hr; a fortuitous balance between the blood (of 
falling radio-iodine content) and the general neck tissues (of rising content 
over this period) seems the most likely explanation. 

A true estimate of thyroid “I content at, say, 1 hr after injection would 
require correction of the neck count for the counts due to radio-iodine in non- 
thyroidal tissues. If the rate of increase in thyroid content after the first few 
minutes is considered, this constant extra-thyroidal background can be ignored. 

This technique, then, provides a convenient and simple way of studying the 

The next step was to determine the quantitative relationship between 
thyroid counts and thyroid content of radio-iodine in yc. Nineteen rabbits 
were taken at least 10 days after injection of ™I when the ™I content of 
the non-thyroidal neck tissues is negligible, aligned in the clamp and the 
thyroid count determined. Counting rates were distributed fairly uniformly 
over the range 1-17 counts/sec. The animals were then killed immediately 
with intravenous Nembutal, their thyroids carefully dissected out and the 
131] content determined by f-counting after dissolving in alkali as previously 
described (Brown-Grant, von Euler, Harris & Reichlin, 1954). The correlation 
between thyroid counts in vivo and I content determined in vitro was good. 
The relationship found between counts/sec in vivo and gland content in wc was 
76-8 + 3-9 (s.z. of the mean of nineteen determinations) counts/sec per micro- 
curie gland content, so that 1 count/sec equals 13 x 10- ic. 


(2) The measurement of blood radioactivity 

Frequent accurately timed blood samples over the first hour after injection 
were required. The minimum volume of blood per sample required for accurate 
liquid counting with the techniques known to us would be 2-3 ml. The tech- 
nique developed by Reiss, Badrick & Halkerston (1949) was therefore adopted. 
Weighed, dried disks of filter paper (2-3 cm diameter of Whatman no. 1 paper) 
were used to absorb blood from the freely bleeding marginal vein of the ear 
opposite that in which the ™I injections were made. The disks were cleared of 
excess blood, rapidly weighed to the nearest 0-1 mg on a torsion balance, and 
hung up to dry. With practice, the weight of blood absorbed could be kept 
within the range 75 + 5 mg. The disks were dried (10 min at 90° C in an oven) 
at the end of the experiment, flattened, and counted under constant geo- 
metrical conditions 1:5 mm below the window of a well-shielded mica end- 
window f-counter (G.E.C. E.H.M. 28, background 0-15 count/sec) directly 
operating the ratemeter. Preliminary experiments showed that there was no 
systematic error in the results expressed as counts/sec per 100 mg blood with 
the weight of radioactive blood on the disks extending over the range 
66-88 mg. The sensitivity was such that a counting rate of 10 counts/sec/ 
100 mg blood was obtained from blood containing 1-054 x 10-*ye/ml. Thus 
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count/sec/100 mg blood multiplied by 1-054 gives the concentration in 
pex10-*/ml, The standard error of this relationship was +6:7% (21 
determinations). 

- In the definitive experiments, disks were taken between 2 and 120 min 
after injection; the usual range of counting rates was 2-5 counts/sec above 
background (0-15 count/sec). Results were expressed as count/sec/100 mg 
blood. 

The blood curves, as anticipated, show a rapid initial fall over the first 
1-8 min, apparently exponential i in form with a half-time constant of approxi- 
mately 6 min and a later slower fall over the 10-120 min period, with half- 
time constant of 150 min approximately. | 


(3) The nature of the radio-iodine taken up by the thyroid of the normal 
| and thiouracil-treated rabbit 
__ There is a rapid and preferential accumulation of radio-iodine by the vind 
after injection (Fig. 5); this could be the result of two processes; (i) the rapid 
accumulation of 441 which remained as iodide in the inorganic fraction or 
iodide space of the thyroid, (ii) accumulation and organic binding of “I by 
the thyroid. 

The theoretical basis of an uptake measurement as a test of thyroid function 
demands that the uptake actually measured shall be I organically bound, 
and therefore later available for secretion as part of the thyroid hormone. 
Uptake can then be equated, under conditions of iodine equilibrium, with the 
rate of secretion of hormone, i.e. thyroid activity (Riggs, 1952). If any con- 
siderable part of the 1*4I detected in the thyroid of the normal rabbit over the 
first few hours is present as iodide, the validity of uptake or clearance measure- 
ments as an index of thyroid activity is questionable. The work of Lein (1943) 
suggested that this might be of importance in the rabbit. By chemical 
methods, he found that only 50% of the radio-iodine in the thyroid of the 
rabbit was organically bound at 30 min after injection of a tracer dose. _ 

Experiments were performed on seven rabbits in which the uptake was 
allowed to proceed for 5-60 min after injection of “I, The animals were then 
injected with potassium thiocyanate (KSCN), usually 200 mg subcutaneously. 
In no case was there a discharge of thyroidal radio-iodine. The subsequent 
uptake was stopped in one, markedly slowed in four, and apparently not 
significantly affected in the other two experiments (cf, the blocking of uptake 
of I by previously administered KSCN in three of the four experiments 
described in § 1). Details of all these experiments are given in Table 1. 

No significant proportion of the administered dose of 11] is present in the 
thyroid gland of the normal rabbit as iodide between 5 and 60 min after 
intravenous injection. Organic binding of the accumulated radio-iodine must 
therefore be rapid and complete. The discrepancy between these results and 
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those of Lein (1943) may be due to the presence of dietary goitrogens in his 
experiments; the dietary history of his animals is not given. ; 

One rabbit was injected with 50mg and four with 100 mg of methyl- 
thiouracil in alkaline suspension intraperitoneally and again subcutaneously 
4 and 1 hr respectively before the administration of radio-iodine. Under these 


circumstances there is an initial accumulation of radio-iodine by the thyroid, 


which seems to be almost complete by 65 min after injection; at this time 
equilibrium is probably established between blood and thyroid. Administra- 
_. of KSCN (200 mg subcutaneously) to these rabbits produced a prompt and 
complete discharge of the accumulated radio-iodide from the thyroid, beginning 
within 4 min of injection of the KSCN. The counting rate fell rapidly to the 
level of the tissue background found at this time after injection in the thyroid- 
ectomized rabbit. Details of these experiments are given in Table 1; one is 
illustrated in Fig. 4. 


(4) The blood clearance rate of the rabbit thyroid 

The experimental procedure used was as follows. The rabbit was placed in 
the clamp and aligned over the counter as described, and a background count 
taken. Any counts due to residual radio-iodine in the thyroid were added to 
the instrument background and subtracted from all later readings; the thyroid 
content of residual "J was falling at a rate that was so low (5-15°%/day) that 
no significant change in the background count occurred over the 1-2 hr period 
_of the uptake experiment. 3c carrier-free radio-iodine was injected intra- 
venously at 0 min, and the counting rate taken at minute intervals over the 
next 1-3 hr and plotted against time after subtraction of background. Blood 
samples were taken as described, usually at 5, 10, 15, 25, 35, 45, 55 and 65 min 
after injection and if the experiment went on longer, at roughly half hourly 
intervals thereafter. | | 

Clearance values were calculated as follows. The thyroid increment (/) 
expressed as increase in counting rate in counts/sec over five successive 10 min 
intervals starting with the 15-25 min period after injection was determined from 
the graph. From the blood curve (counts/sec/100mg blood against time) the 
_ blood concentration at the midpoint of each 10 min period (C) was obtained by 
interpolation. To convert I in counts/sec to wc x 10-* of radio-iodine in the 
thyroid, it is multiplied by 13 (see §1). To convert C in counts/sec/100 mg blood 
to we x 10-8 per ml. whole blood, it is multiplied by 1-054 (see § 2). Therefore 

Ix13x10-* I 

10x10 

Measured in this way, the clearance remains constant for periods up to at 
least 90 min after injection, but may fall slowly after this time. In practice, 
the clearance was measured over the period 15-65 min after injection and the 


thyroid clearance (ml. of blood/min) = 


Wo 
q 
3 
| 
= 
| 
| 
| | 
Ag 
4 
i } 
i 
us 
35 


336 K. BROWN-GRANT AND J. G. GIBSON 


TaBLE 1. The effect of KSCN administered subcutaneously (8.c.) or intravenously (I.v.) on 
the thyroid radio-iodine content of normal and thiouracil-treated rabbits , 


~ Dose of Route of Time after Discharge Effect on 
adminis- injection of of sayecicat subsequent 
(mg) tration 181] in min I uptake 
Normal rabbits 

100 8.0. 5 No Slowed 

200 8.0. 8 No None 
200 8.C. No Slowed 
100 Lv. 13 Stopped 
200 8.0 20 No . Slowed — 
100 LY, 27 No Slowed 
200 8.C 60 No None 

Thiouracil-treated rabbits 
200 8.0. 30 Complete 
200 8.C 45 Complete 
discharge 
200 8.0. 72 Complete 
200 8.C. 78 Complete 
200 8.0 151 
discharge 
12 | 
200mg KSCN subcutaneously 


Counts per sec 


80 720 
Minutes after injection 


Fig. 4. The effect of KSCN (200 mg, subcutaneously) on the thyroidal ™I content of the 
thiouracil-treated rabbit. (560 mg of thiouracil 4 hr and again 1 hr before 0 min.) 3c I 
injected 1.v. at 0 min and 200mg KSCN 72 min later. There was complete discharge of 
thyroidal **I, the counting rate falling rapidly to the level observed in thyroidectomized 
rabbits. Each point respresents the average of five consecutive readings at one minute 
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average of the five values taken. The clearance rate determined in this way 
varied from 0-17 to 1-2 ml./min, with an average value of 0-577 (+0-059 s.z. 
of mean of twenty-four determinations in ten normal rabbits). 

The use of an estimated midpoint value of the blood concentration intro- _ 
duces certain errors as the rate of fall is not linear; however, except over the 
initial 15 min period after injection of radio-iodine, which was not used, this 
error is within the limit of accuracy of the technique for determining blood 
radioactivity. Over the 15-65 min period there was no systematic variation in 
the clearance values in successive periods. No attempt was made to fit a 
perfectly smooth curve to the uptake points for the calculation of clearance 
values, Variations were accepted, but were of such an order that they did not 
alter significantly the mean of the five individual clearance values as com- 
pared with the mean of five values taken from a smoothed curve fitted to the 
uptake points. 


(5) Endocrine factors affecting the clearance rate 

Preliminary experiments showed that there was a tendency for the clearance 
values to be higher immediately after arrival in the laboratory than after some 
weeks under standard conditions. After 4 weeks under these conditions, 
however, constant and reproducible clearance values were obtained. All 
rabbits used in this section of the work were therefore kept in the laboratory 
for atleast 4 weeks before the experiments were begun. A control clearance 
determination was performed. About 10 days later, after the injection of 
various hormones, a second uptake was done; about 10 days later a further 
control experiment was performed. The effects of thyroxine, TSH, cortisone 
and stilboestrol on thyroid clearance were studied. 

A. Thyroxine. Two rabbits were injected with 100ug thyroxine sub- 
cutaneously 24 hr before the second uptake. Clearance values of 0-48, 0-25 and 
0-52 ml./min and 0-44, 0-15 and 0-27 ml./min were obtained in the initial 
control, experimental and final control experiments respectively. A third 
rabbit was given 50g thyroxine/day for 3 days preceding the second experi- 
ment. A ‘release’ curve performed in the manner previously described 
(Brown-Grant, von Euler, Harris & Reichlin, 1954) showed that the release of 
thyroidal 44] was completely stopped. Clearance values of 1-02, 0-44 and 
1-21 ml./min were obtained. 

B. TSH. Two rabbits were injected with TSH (1 mg U.S.P. equivalent in 
0:5 ml. saline subcutaneously, total 4 mg) at 44, 28, 19 and 4 hr before the 
second experiment. Clearance values were 0-45, 1-79 and 0-17 ml./min in one 
case and 0-4, 2:59 and 0-3 ml./min in the other. 

C. Cortisone. Two rabbits were injected with 10 mg of cortisone twice daily 
for 4 days and one rabbit with 10 mg twice daily for 2 days before the second 


uptake. Clearance values of 0-54 and 0-26 - final control experiment); 1-2, 
22 PHYSIO. CXXVII 
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0-47 and 0-97 ml./min, and 0-38, 0-39, 0-43 ml./min respectively were obtained. 
In this third rabbit the release of I from the thyroid was followed prior to 
the second experiment and was found to be completely stopped by the 
cortisone. A second control experiment on one of these rabbits was not 
possible. 

D. Stilboestrol. Two rabbits were injected with 1 mg of stilboestrol daily, 
subcutaneously for 4 days before the second experiment, the last injection 
being 4 hr before the injection of I. Clearance values were 0-43, 0-37 and 
0-43 ml./min in one case and 0-50, 0-46 and 0-48 ml./min in the other. 


(6) Effects of hypophysectomy on uptake and clearance values 

Six completely hypophysectomized rabbits were available for study. Com- 
pleteness of the operation, which was performed by Prof. G. W. Harris, was 
established either by the failure of thyroxine to inhibit the release of thyroidal 
radio-iodine or the failure to respond with a lymphopenia to the injection of 
adrenaline, or both, and was confirmed by examination of serial sections of the 
sella turcica. Pre-operative uptakes were done on all but one animal, and 
clearance values were obtained for two animals. Clearances were measured at 
varying times post-operatively in all six. Seven to 10 days after operation the 
clearance was reduced, but not strikingly so. By 46 days post-operatively, 
however, the rate of uptake was so reduced that the curve was not distinguish- 
able from that of the thyroidectomized animal, and no figures for clearance 
could be calculated. The results of these experiments are given in Table 2. 
Experiments on one animal are illustrated in Fig. 5. 


DISCUSSION 


The technique described here appears to be a satisfactory one for the measure- 
ment of thyroid ™I uptake in the rabbit; the repeated determination of 
thyroid clearance rates is possible, From the results of the experiments with 
KSCN and thiouracil described, it is clear that a true measure of — is 
being obtained. 

The average value for the blood clearance rates was found to be 0-577 
(+0-059 s.z. of twenty-four determinations in ten normal rabbits) ml. whole 
blood/min. In unpublished experiments on rabbit blood in vitro, the concentra- 
tion of radio-iodine in the red cells of the rabbit was found to be 0-71 x the 
plasma concentration; the distribution at 5 min after adding radio-iodine was 
not significantly different from that at 4 hr (Brown-Grant, unpublished). 
An average haematocrit value for the rabbit is 35% (Armin, Grant, Pels & 
Reeve, 1952). On the basis of these values, the average plasma clearance rate 
of the rabbit thyroid has been calculated to be 0-518 ml./min. 

A noticeable feature in this work has been the less striking effects of the 
procedures used on uptake as compared with their effect on the release curve. 
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Definite reduction in clearance values was seen after thyroxine treatment; this 
dose, however, produced a complete inhibition of the release of thyroid 541 in 
the rabbit (Brown-Grant, von Euler, Harris & Reichlin, 1954). Similarly, 
cortisone and stilboestrol in doses adequate to inhibit the release of 111 
(Brown-Grant, Harris & Reichlin, 1954; Brown-Grant, 1955) had far less 


TaBLe 2, The uptake and clearance values of rabbits before and at varying times 


after hypophysectomy 
Pre-operative Post-operative 
% uptake of a 3 yc dose at Clearance Days — 9 uptake of a 3 uc dose at Clearance 
A ml. blood; 


no. 15 min 30 min 60 min /min) operative 15min 30min 60min /min) 
48 <01 <01 <01 None 
736 0-87 191 400 0-484 7 0-17 0-39 065 0-143 


738 0-48 100 (2-12) 10 <0-1 <0-1 0-005 
739 4:12 630. — 23 0-26 0-69 1-34 0-223 
740 1-78 3-51 6-29 0-717 7 0-17 0-35 0-87 0-1 
52 <01 <0-1 <0-1 None 
741 1-82 3°34 — — 9 0-87 1-56 2-34 0-549 


64 <0-1 <01 <0-1 None 
12 


Counts per sec 


Minutes after injection 


Fig. 5. The uptake before and at varying times after complete hypophysectomy in a rabbit. 
A, before hypophysectomy; B, 9 days after hypophysectomy; OC, 64 days after 
hypophysectomy. Each point represents the average of five consecutive readings at one 
minute intervals. 


striking effects on the rate of uptake. The explanation is perhaps to be found 
in the results obtained with the hypophysectomized rabbit. The clearance 
eventually falls to very low levels, but only some considerable time after 
operation, whereas hypophysectomy produces an immediate, marked and 
lasting decrease in the rate of release of ™I in the rabbit (Brown-Grant, 


von Euler, Harris & Reichlin, 1954). It seems probable, as was — in 


‘ 
4 
4 
i 
J a 
a 
4 
> 
ty 
4 
4 
C 
0 
‘a 


340 K. BROWN-GRANT AND J. G. GIBSON 


the paper referred to above, that the uptake of iodine by the thyroid is less 
immediately dependent on pituitary stimulation than is the release of thyroid 
hormone and that uptake can continue at a slowly declining rate in the 
absence of the pituitary. The failure of thyroxine and other compounds tested 
to produce as marked effects on the uptake as they do on release is explicable 
on these lines. It seems that a longer period of administration of these sub- 
stances is required to inhibit the uptake of iodide by the thyroid than is 
required to inhibit the release of '**I-labelled hormone from the gland. 


SUMMARY 


1. A technique for the accurate measurement of thyroid uptake of I in 
the conscious rabbit, using a collimated scintillation counter, is described. 

2. On the basis of this measurement, the thyroid blood clearance rate can 
be determined. In the normal rabbit, values of 0-17-—1-2 ml. whole blood/min, 
average 0-58 + 0-06 (s.z. of twenty-four experiments) were obtained. 

3. Hypophysectomy, the administration of thyroxine, cortisone and possibly 
stilboestrol, reduce the clearance rate. Administration of thyrotrophic 
hormone increases it. 

4. Some implications of these experimental findings are discussed. 
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thyroidectomy. Our thanks are also due to Dr J. B. Brierley of the Department of Neuro- 
pathology in the Institute of Psychiatry for his help and advice regarding the technique for 
measuring blood radioactivity, and to Mr W. F. Piper, chief technician of the department, for his 
advice and skilful assistance in the construction of apparatus These experiments were performed 
during the tenure by one of us (K. B-G.) of a Studentship from the Medical Research Council 
which is gratefully acknowledged. 
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The intermediary metabolism of thyroid hormone after release from the gland 
is not known in detail. Its eventual fate, however, seems to be either deiodina- 


tion, the iodine released being shared between the thyroid gland and the 


kidney, or excretion of the intact molecule into the gut via the bile. A propor- 
tion of the latter is reabsorbed to undergo further entero-hepatic circulation, 
while the remainder is excreted in the faeces. The extent to which the hormone 
is metabolized by these two alternative pathways in different species and 
under different conditions may vary, and will determine the degree of re- 
accumulation by the thyroid of iodine from degraded thyroid hormone. This 
paper is concerned with an investigation of this aspect of the iodine cycle in 
the rabbit, both under normal conditions and in the presence of an excess of 
thyroid hormone over the animal’s normal requirements. 


MATERIAL AND METHODS 


Adult female rabbits (2-0-2-8 kg body weight) were used. The animals were kept in a temperature- 
controlled animal room (28° C) and fed a pellet diet (M.R.C. diet no. 18) and tap water ad lib 

To ensure that the animals were in iodine equilibrium, they were kept under these conditions for 
at least 4 weeks before the experiments were begun. Throughout the experimental period they were 
kept in individual diuresis cages, urine and faeces being collected separately. 

Thyroid radio-iodine content was measured in the conscious animal by means of the collimated 
scintillation counter and rate meter previously described (Brown-Grant & Gibson, 1955). Blood 
radioactivity was measured either by the filter-paper technique described in the paper referred 
to above or by the liquid-counting technique used in an earlier study. Plasma radioactivity and — 
plasma protein bound radio-iodine (P.B. 1**I) were determined by methods previously described 
(Brown-Grant, von Euler, Harris & Reichlin, 1954). Urinary and faecal radioactivity were 
measured by y-counting of bulk (200 ml.) samples, using the scintillation counter under constant 
geometrical conditions. Blood, plasma, thyroid, urinary and faecal radioactivity are expressed. 
as percentage of the administered dose throughout. 

Radio-thyroxine (Na-1-thyroxine labelled in the 3’ or 5’ positions and dissolved in n/200-NaOH 
in 0-9% NaCl solution) was obtained from the Radiochemical Centre, Amersham, England, as was 
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the carrier-free radio-iodide used. The radio-thyroxine was prepared by iodination with radio- 
iodine of stable triiodothyronine under conditions precluding exchange reactions and thus con- 
tained no labelled triiodothyronine. The absence of free radio-iodide was established by the 
complete precipitation of all plasma radioactivity with the plasma proteins in the first blood sample 
taken after injection (Table 1). 

Pure synthetic sodium 1t-thyroxine (Glaxo Laboratories Ltd.) was added in the ‘darsier’ 
thyroxine experiments. Thyrotrophic hormone (Armour Laboratories Ltd., lot no, R. 377157) was 
dissolved in 0-9% NaCl solution immediately before use and injected subcutaneously. 


RESULTS 
(1) The distribution and excretion of a tracer dose of radio-thyrovine 

Four rabbits were injected with 2c of radio-thyroxine containing lug of 
127] thyroxine, The injections were made into the marginal vein of one ear with 
the animals in position in the clamp over the scintillation counter. The counting 
rate over the thyroid was determined every minute up to 1 hr. Blood samples 
(about 5 ml.) were taken from the marginal vein of the non-injected ear at 
5 and 65 min for determination of total and protein-bound plasma radio- 
activity, and at frequent intervals by the filter-paper technique, for whole blood 
radioactivity determinations. Further thyroid counts were made at approxi- 
mately 4, 8 and 24 hr after injection, and twice daily in the morning and 
evening for the next 7 days. Blood samples were taken at 4, 8, 24, 30, 48 and 
76 hr for the determination of whole blood and protein bound plasma radio- 
activity. Urine and faeces were collected at 12 and 24 hr, and daily thereafter 
up to 7 days for the determination of radioactivity. 

- The blood radioactivity falls rapidly over the first hour after injection. 
Graphical analysis of the blood curves over this period showed that the curves 
were biphasic. Over the 2-20 min period after injection there was a very rapid 
exponential fall in blood radioactivity, with a half time constant of 20 min. 
Over the 20-70 min period there was a slower constant exponential rate of fall 
with a half-time constant of 120 min. The level of whole blood radioactivity 
was followed up to 74 hr after injection. The combined data for all four 
rabbits are shown in Fig. 1. 

Plasma samples from all four animals were pooled for the determination of 
total and protein bound radioactivity. In most cases P.B. }4I values were 
determined in duplicate and are expressed as percentage of total plasma radio- 
activity. The results are shown in Table 1. In the initial 5 min sample 
essentially all the radioactivity is in the protein-bound fraction. As early as 
1 hr after injection a significant proportion is present as inorganic I and the 
relative amount in this form tends to increase thereafter. 

Paralleling the appearance of inorganic I in the blood, there is a gradual 
accumulation of radioactivity by the thyroid (Fig. 2). The time of maximum 
thyroid content of 4I was 22, 26, 33 and 365 hr after injection. Maximum 
uptake was 5:2, 9-7, 10-2 and 64% of the administered dose respectively. 
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Percentage dose per 100ml. blood 


0-5 


0 400 150 

Hours after injection. 

Fig. 1. The levels of whole blood radioactivity (expressed as percentage dose/100 ml. whole blood) 
after the administration of tracer (1g) or carrier (120g) doses of radio-thyroxine. Each — 
curve represents combined data from four rabbits. 


TaBLE 1, The percentage of total plasma radioactivity in the protein bound fraction at varying 
times after injection of a tracer (1 ug) or carrier (120 ng) dose of radio-thyroxine. Percentages 
refer to average of duplicate determinations on pooled plasma samples from four rabbits 
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There was a steady loss of thyroidal radio-iodine over the next 5 days. The 
curves of thyroid content, however, do not show the rapid exponential fall 
seen after radio-iodine administration, suggesting that there is still a supply of 
radio-iodine from degraded hormone being made available to the gland. The 
rate of urinary “I excretion (which may be equated with iodide excretion) 
confirms this view. As will be seen from Fig. 3, there is an initial rapid loss of 
radioactivity in the urine, falling off gradually. Faecal excretion lagged behind 
urinary excretion initially, but later paralleled it (Fig. 3). 


15 

10 
J D Tracer 

2- 

0 50 100 150 780 


Hours after injection 
Fig. 2. The different patterns of thyroid accumulation and release of radioactivity after the 
administration of a tracer (1g) and carrier (120 ug) dose of radio-thyroxine. Each curve 
represents combined data from four rabbits. 


One rabbit was followed for 4 days after injection; the other three were 
followed up to the 7th day. At 92 hr after injection, the estimated thyroid 
content of I plus the radioactivity lost in the urine and in the faeces 
accounted for an average of 92-59% of the administered dose of radio- 
thyroxine. In the three rabbits followed up to the 7th day, a further 6:2% of 
the dose could be accounted for in this way at the end of the experiment. 

In this work, all urinary radioactivity is assumed to be due to radio- 
iodide; all faecal radioactivity is assumed to be ™ I in organic combination. 
The basis for these assumptions is that (1) the observed ratio between thyroid 
and urinary radioactivity is that which would be predicted if all urinary 
activity is due to radio-iodide from the 1:5 thyroid-kidney partition ratio 
found after the administration of radio-iodide to rabbits (Brown-Grant et al. 
1954). (2) Three of the most active urine samples obtained at an early stage in 
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the experiment from three individual rabbits were extracted twice with 5 vol. 
of n-butanol. Extraction rates were 68, 78 and 73% of the original radio- 
activity of the samples, and of the extracted radioactivity 95, 92 and 88% 
could be removed by dilute alkali. This suggests that the main chemical form 
is iodide. (3) After radio-iodide administration there is very little faecal radio- 
activity over the fitst 24 hr, during which period up to 70% of the administered 
dose may appear in the urine. Iodide is apparently not lost in the faeces in 
the rabbit, and any faecal radioactivity is therefore most probably due to 
131] in organic combination. 


50 Tracet 
3 Carrier faeces 
‘5 25 
j 
0 50 100 150 190 


Hours after injection 


Fig. 3. The excretion of radioactive material in urine and faeces after the administration of a tracer 
(1g) and carrier (120g) dose of radio-thyroxine. Each curve represents combined data 
from four rabbits. 


The total amount of thyroxine administered in these experiments was 1 yg 
per rabbit. As the average daily output of the rabbit thyroid under the condi- 
tions of these experiments is about 15yg/day of thyroxine (Brown-Grant, 
1955), the dose used here, therefore, can probably be regarded as a ‘tracer’ dose. 
In summary, after administration of a tracer dose of radio-thyroxine in the 
rabbit an average of 46:5% of the administered radioactivity appears in the 
urine and 52-5 % is excreted in the faeces after 7 days. A maximum of 7:9% is 
accumulated by the thyroid, this peak occurring at about 30 hr after injection, 
the thyroid content falling thereafter. Deiodination and excretion of the 
intact molecule are of equal importance in the metabolism of a tracer dose of 
thyroxine in the rabbit. | 


(2) The distribution and excretion of a large dose of radio-thyroxine 
In this experiment four rabbits were injected with 8yuc of radio-thyroxine 


- containing 120g of carrier thyroxine. This dose of thyroxine represents 
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approximately 8 times the normal daily output (Brown-Grant, 1955). The 
details of the experimental procedure were the same as in the previous experi- 
ment, with the exception of the initial detailed study of blood concentrations 
which was omitted. The pattern of the radioactivity distribution and excretion 
was not dissimilar to that following a tracer dose; all four rabbits behaved in 
the same way and individual data are not given. Points of difference in the 
two groups of experiments were as follows: blood levels for the two groups are 
compared in Fig, 1; there is a rather more rapid fall in the carrier experiment. 


TaBLEe 2. The magnitude and time of the maximum uptake of I by the thyroid gland of the 
rabbit after the administration of a tracer (1g) and carrier (120g) dose of radio-thyroxine 
Time of 


Dose of radio- Maximise % 
Rabbit no. thyroxine (ug) of administered dose 


07 26 average 7.0% 
2 1 verage 7- 

3 1 10-2 33 at 29 hr 

4 1 6-4 35 

1 120 77 44 

2 120 9-1 46 Average 11:0% 
3 120 10-3 en) at 50 br 

4 120 17-8 73 


The percentage of the plasma radioactivity in the protein bound fraction is 
compared in Table 1. There is some indication of a more rapid appearance of 
inorganic 1*"] forming a higher percentage of total plasma radioactivity in the 
carrier experiments. The difference, however, is not significant. The uptake of 
radio-iodine by the thyroid in this experiment was maximal at 44, 46, 55 and 
73 hr after injection; maximum uptake was 7:7, 9-1, 10-3 and 17-8% respec- 
tively of the administered dose. The rate of decline was slower than in the 
tracer experiments. The two groups are compared in Fig. 2 and in Table 2. 

The excretion in urine and faeces for the tracer and carrier experiments are 
compared in Fig. 3. Urinary excretion was the same in both groups; faecal 
excretion was much lower in the carrier experiments. 

At 7 days, the percentage of the dose accounted for by thyroid content + 
urinary +faecal excretion was 881% in this experiment. The proportion 
recovered in the faeces represents that fraction of the administered dose which 
has not undergone deiodination. The remainder of the portion accounted for 
represents hormone which has been deiodinated. This fraction was 57-5°% of 
the total accounted for in the carrier experiment and 46-9°% of the total 
accounted for in the tracer experiment. It would appear, therefore, that in the 
rabbit a greater proportion of an administered dose of thyroxine is de- 
iodinated when there is an excess over the animal’s normal requirements than 
when the metabolism of a tracer dose is studied. 

In these experiments the metabolism of exogenous thyroxine was studied. 
To what extent this can be taken to represent the fate of the animal’s own 
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thyroid secretion is uncertain. A study of the metabolism of endogenously 
labelled thyroid hormone after a relatively large (10,.c) dose of radio-iodine 
was therefore undertaken. | 


(3) -The normal metabolism of endogenous thyroid hormone 
Three rabbits were injected intravenously with 10,uc of carrier-free radio- 
iodine as sodium iodide. Thyroid counts were made at approximately 15 min, 
1, 4 and 24 hr after injection and twice daily thereafter for up to 8 days. 
Urine and faeces were collected, and the radioactivity measured at 24 hr after 
injection and then daily. 


20 
10F 
& 
ome 


0 50. 100 150 200 
Hours after injection 
Fig. 4. Thyroid radioactivity, expressed as percentage of the administered dose of "I, after the 
intravenous injection of 10 uc of carrier-free radio-iodine. Data for one rabbit of each experi- 
mental group is shown. | represents injection of 2 mg equivalent of thyrotrophic hormone 
subcutaneously. O—O, untreated control rabbit. x— x, experimental rabbit, TSH injected 
at | and |. 


The curves of thyroid radio-iodine content were typical; an initial rapid rise 
with peak content at about 24 hr, followed by a constant exponential fall. The 


result of one of these experiments is shown in Fig. 4. Urine excretion was high 


in the first 24 hr (48-1, 66-4 and 83°5% of the dose) and then fell very con- 
siderably. Over the second and subsequent days, radioactivity was lost at — 
a slowly declining rate. The rate of faecal excretion was initially low, and 
subsequently was similar to the urinary excretion (Fig. 5), and paralleled the 
loss of radioactivity from the thyroid. 
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The bulk of the injected ™I is excreted in the first 24 hr; over this period 
the ratio of urinary to faecal excretion of radioactive material was 17-0, 20-5 
and 28-0 respectively. The pattern of excretion from 24 or 48 hr onwards is 
similar to that seen after the administration of a tracer dose of radio-thyroxine. 
The ratio of urinary to faecal excretion from 24 hr onwards is 1:1-07 and from 
48 hr onwards is 1:1-12. These may be compared with the 1:1-13 ratio found 
after a tracer dose of radio-thyroxine. The fate of endogenous thyroid hormone 
is essentially the same as that of exogenous thyroxine. 


Rabbit nos. . 


Percentage dose 
excreted in urine 


| Percentage dose 
excreted in faeces 


100 
Hours after injection 


Fig. 5. The pattern of urinary and faecal excretion of radioactive sohtertel following the intra- 
venous injection of 10 uc of carrier-free radio-iodine. Data for an individual rabbit of each 
experimental group is shown. | represents injection of 2 mg equivalent of thyrotrophic 
hormone, The thyroid content of radio-iodine for these two rabbits is shown in Fig. 4. 
O—O, control rabbit. x— x, experimental rabbit, TSH injected at | and |. 


The proportion of the administered dose of J accounted for at the end of 


this experiment (thyroid content + urinary + faecal excretion) was 93-1, 91-5 
and 103+1%. 


(4) The metabolism of excess saleenio hormone 
Three rabbits were used in this study; the procedure followed was the same 
as in the previous experiment. Urine and faeces were collected at 24, 48, 72, 
81, 96, 120, 145, 168 and 192 hr. The pattern of excretion was the same as in 
the previous experiment, and a steady exponential fall of thyroidal +I content 
was established by 48 hr. At 81 hr after injection each rabbit was injected — 
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with thyrotrophic hormone (2 mg U.S.P. equivalent) subcutaneously and again 
15 hr later. There was a rapid fall in thyroid I content; over the 36 hr 
following the first injection of TSH, the decrease was 2-2, 3 and 48x the 
expected value. One of these experiments is shown in Fig. 4. This excess of 
hormone was reflected in an increase in both urinary and faecal excretion of 
radioactivity (Fig. 5). Over this period (81-120 hr) the ratio of urinary to 
faecal excretion was 1:0-72 (mean of three rabbits), whereas over the control 
periods 48-81 and 120-192 hr this ratio was 1: 1-16 (cf. the ratio 1: 1-12 for the 
excretion of normal amounts of endogenous hormone). At the end of the 
experiment 192 hr after injection the percentage of the dose accounted for was 
95-8, 96-4 and 98-3 %. | 

An excess of endogenous hormone results in an increase in both urinary and 
faecal excretion of radioactive material. Both increase and then revert to 
normal levels with an apparently identical time course, as shown in Fig. 5. 
It seems likely, therefore, that the change in the ratio of urinary to faecal 
excretion over the period during which the excess of hormone is being disposed 
of should be ascribed to a change in the pattern of metabolism rather than to 
changes in the time course of metabolism or excretion. The results obtained 
suggest that a greater proportion is deiodinated than under normal conditions. 
In § 2 evidence was presented for an increase in the proportion of a dose of 
injected thyroxine deiodinated when an excess of thyroxine rather than a tracer 
dose was given. It appears that an excess of either endogenous hormone or 
exogenous throxine may be dealt with in the same way, by an increase in the 
proportion deiodinated. 

DISCUSSION 
The pattern of metabolism of physiological amounts of exogenous thyroxine 
and endogenous thyroid hormone in the rabbit are very similar. About 50% 
undergoes deiodination, and the liberated iodine is shared in approximately 
a 1:5 ratio between the thyroid and kidneys. The remainder is excreted in the 


_ faeces presumably as thyroxine or its glucuronide. Two points of importance 


arise from this. First, that the reaccumulation of iodide from degraded thyroid 
hormone is not, under normal conditions at any rate, a major factor in deter- 
mining the slope of the ‘release’ curve of thyroidal radio-iodine in the rabbit. 
This point has been more fully dealt with elsewhere (Brown-Grant et al. 1954). 
Secondly, the pattern of excretion may be compared with that observed in the 
rat and man. In the rat, Johnson & Albert (1951) found a high concentration 
in the liver, small and large gut after radio-thyroxine administration, and that 
by 96 hr, 44% of the dose had been lost in the faeces and 36% in the urine. 
No radioactivity was detected in the thyroid. In a later paper (Albert & 
Keating, 1952), two-thirds of an administered dose of radio-thyroxine was 
eventually excreted in the faeces and only one-third in the urine. Thyroidal 
content of radioactivity never exceeded 2% of the residual body radioactivity. 
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The distribution and metabolism of radio-thyroxine in man has been studied 
by Albert & Keating (1949) and Myant & Pochin (1950). A higher proportion 
of the administered dose appears as iodide (excreted in the urine or taken up by 
the thyroid gland) than in the rat or rabbit. Hight days after injection of 
radio-thyroxine, Albert & Keating found that 41-3% of the dose had been lost 
in the urine and only 11-5% in the faeces. Myant & Pochin found 8-8% of the 
dose in the thyroid and 24% in the urine at 24 hr after injection. At 3 days, 
faecal excretion was only 10% of the dose. In some of these experiments, 
however, 10% of the total radioactivity administered was in the form of 
iodide, which is a potential source of error in the early figures for both thyroid 
uptake and urinary excretion; e.g. subject 4 of these workers was found to 
have 4:1% of the dose in the thyroid and 12-4% in the urine at 6 hr after 
injection. If the administered dose in this case had contained 10% of the 
radioactivity as iodide, then from the average figure for thyroid and urine - 
content after radio-iodide administration in man, given by these workers 
(Myant, Corbett, Honour & Pochin, 1950), the 10% contaminating iodide would 
account for 2-5% of the total administered dose appearing in the thyroid and 
3-9% in the urine at 6 hr, i.e. more than 60% of the thyroid content and more 
than 30% of the urine content. The main fate of radio-thyroxine in man 
appears to be deiodination. The iodide liberated is shared between thyroid and 
kidneys; naturally, where the thyroid avidity is high, a greater proportion 
appears in the thyroid gland, as in the thyrotoxic subjects studied by Benua, 
Albert & Keating (1952) and the case reported by Myant & Pochin (1950). . 

The rabbit appears to occupy an intermediate position between rat and man 
in respect to the metabolism of thyroid hormone; the processes of faecal 
excretion, most probably in organic combination, and deiodination seem to be 
of equal importance. The details of the process of biliary excretion and the 
entero-hepatic circulation of thyroxine in the rat have been intensively studied 
in recent years (Briggs, Taurog & Chaikoff, 1953; Roche, Michel, Michel & 
Tata, 1954), and current views of thyroid hormone excretion are perhaps 
unduly influenced by these findings. While faecal excretion predominates in 
the rat, this is not true of other species where deiodination is of equal or greater 
importance. The findings in the rat may not be directly applicable to other 
species. 

An excess of thyroid hormone, either exogenous or endogenous, over and 
above the normal requirements in the rabbit appears to be removed from the 
blood rather more quickly than a physiological amount. The pattern of excre- 
tion suggests that under these conditions deiodination may be increased at the 
expense of faecal excretion in the rabbit. No detailed comparison of the 
metabolism of tracer and carrier doses in man are known to us. In the rat, the 
administration of a large dose of thyroxine leads to a greater proportion being 
excreted in the faeces, with a corresponding decrease in the proportion de- 
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iodinated than after administration of a tracer dose (Gross & Leblond, 1947 ). 
It seems likely that the mechanisms for dealing with an excess of thyroid 


SUMMARY 


1. The distribution and excretion of tadio-thyroxine i in the rabbit after 
intravenous injection has been studied. 

2. Fifty-two per cent of a tracer dose (1g) of radio-thyroxine appears in 
the faeces after 7 days. Forty-seven per cent appears in the urine as iodide. 
A small proportion of the injected dose (maximal value 8% at 29 hr after 
injection) is accumulated by the thyroid gland. 

3. A large (120g) dose of radio-thyroxine disappears more rapidly from the 
blood. A higher proportion of the dose is deiodinated than after a 1 ug dose. 

4. Similar patterns of excretion were found for normal and excess amounts 
of endogenously labelled thyroid hormone. 

5. These findings are compared with those for man and the rat; ies 
appear to be species differences in the quantitative aspects of es hormone 
excretion. 


Our thanks are due to Prof. G. W. Harris in whose department this work was carried out. The 
experiments were performed during the tenure by one of us (K.B-G.), of a Research Studentship 
from the Medical Research Council, which is gratefully acknowledged. 
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A COMPARISON OF THYROXINE AND TRIIODOTHYRONINE — 
AS INHIBITORS OF PITUITARY THYROTROPHIC HORMONE 
SECRETION IN THE RABBIT 


By K. BROWN-GRANT 


From the Department of Neuroendocrinology, Maudsley Hospital, 
London, 8.E. 5 


(Received 30 July 1954) 


The compound 3:5:3’-triiodothyronine has been identified as a normal con- 
stituent of plasma and of the thyroid gland, and in many tests has been found 
to be markedly more active than thyroxine (Gross & Pitt-Rivers, 1953). The 
majority of investigations to date have been made on rats or man, and 
extension to other species seems desirable. In the present work, the ability of 
these compounds to reduce the rate of release of ™*I-labelled hormone from 
the thyroid gland of the normal rabbit has been investigated. In effect this 
is a measure of the ability to inhibit the secretion of thyrotrophic hormone by 
the anterior pituitary gland. 

In addition, a technique is described which affords a convenient, rapid and 
repeatable method for the determination of thyroid activity in an individual 
rabbit in terms of the amount of thyroxine secreted per day, without the 
necessity for the administration of goitrogenic drhgs. 


EXPERIMENTAL METHODS 


Adult female Chinchilla rabbits (weight 2-2-3-3 kg) were used. The animals were kept in a constant- 
temperature room (28° C) and fed a standard pellet diet (M.R.C. diet no. 18) and tap water ad lid. 
Thyroid ‘release curves’ were determined by twice daily counts over the thyroid region starting 
48 hr after the subcutaneous injection of a tracer dose of }*I, according to the technique pre- 
viously described (Brown-Grant, von Euler, Harris & Reichlin, 1954). The only modifications 
were that a standard dose of 3 uc carrier-free I was used, and that the initial count, 48 hr after 
injection, was taken as 100%, and subsequent counts, after correction for isotope decay, were 
expressed as a percentage of the initial value when plotting the release curves. The reliability of 
a ‘neck count’ with this technique is +2-5% (s.z. of mean of four 2 min counts) and includes 
variation due both to positioning of the animal and statistical errors of counting. For details of 
the apparatus and method the paper referred to above should be consulted. 

Pure synthetic sodium L-thyroxine (THY.) and sodium t-triiodothyronine (T.I.T.) (prepared 
by Glaxo Laboratories Ltd., Greenford, Middlesex) were dissolved in 0-9% NaCl solution adjusted 
to pH 8-5 by the addition of 0-1n-NaOH and administered by subcutaneous injection in the 
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_ dosage indicated in the text in volumes of 0-2-1-0 ml. Fresh solutions were prepared every second 


or third day during the experiments. In control experiments, 0-9% NaCl solution (pH 8-5) and 
KI dissolved in 0-9% NaCl solution were injected subcutaneously in volumes of 0-25-1-0 ml. 


RESULTS 
Administration of repeated daily doses of THY. and T.1.T. 
Seven rabbits were used in fourteen experiments. After an initial control 
period, increasing daily doses of THY. or T.1.T. were given; the initial dose 
was usually 8 or 10ug/day. The result was a progressive slowing in the rate 


- of release of thyroidal radio-iodine, as the dose was increased by steps of 


10 13 14 15 15 14 14 14 


| Rabbit K 11, 
3yc, 24, xii. 53 


% 
100¢ 


0 50 100 150 ~ 200 240 
Hours 
Fig. 1. The result of an experiment to determine the ‘inhibitory dose’ of thyroxine for a rabbit. 
Ordinate: thyroid counts as percentage of counting rate at Ohr. Abscissa: time in hr. 
0 hr is 48 hr after injection of "I. | indicates subcutaneous injection of thyroxine. Figures 
refer to dose in pg injected. 


2 or 4ug/day. Complete inhibition was produced by doses of between 9 and 
16 ug/day of T.I.T. and between 14 and 20 ug/day of THY. and was maintained 
by further daily injections of this dose for at least 48 hr. The daily dose was 
then reduced by steps of 1 or 2ug/day until the release of radio-iodine was 
resumed (Fig. 1). In about half the experiments the daily dose was then 
increased again and a second period of complete inhibition produced. | 

It seems unlikely that the progressive slowing was related to a lag in effect 
of the increasing doses. The lag in onset of the effect of thyroxine after in- 
jection is only about 3 hr (Brown-Grant et al. 1954), and more important, the 


resumption of release when the dose was reduced was apparent within 12 or 
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24 hr in the present series of experiments, and the onset of the second period 
of inhibition was equally prompt when the dose was raised again. | 

In recording the results, the following method was adopted. In each 
experiment, a dose of THY. or T.1.T. was found that would produce com- 
_ plete inhibition of the release of "I from the thyroid, a dose 2 or 4ug/day less 
having failed to produce this effect. After two or more days at this dose level, 
the amount injected daily was reduced by 1 or 2ug when the release of 1] 
began again. The inhibitory dose was taken as the average of these two doses, 
i.e. when 16 but not 14g/day produced complete inhibition the dose was 
recorded as 154g, and when 10 but not 9yug/day produced inhibition, 9- Sug 
was taken as the inhibiting dose. 


TaBieE 1. The ‘inhibitory dose’ in pg/day of THY. and T.I.T. for seven rabbits. The 
calculated daily secretion rate as ng THY./day/kg body wt. is also shown 


Inhibitory dose (ug/day) Secretion 
Rabbit r x rate 
no. THY. (ug THY./kg/day) 
1 13-5 19-0 6-45 
2 13-5 15-0 6-50 
3 13-5 19-0 6-33 
4 14-0 15-5 5-96 
5 13-5 15-5 6-33 
6 9-5 14-5 5-18 
7 13-5 17:5 5-47 


Four rabbits were first given THY. and in a second experiment, T.I.T.; 
in the other three the order was reversed. The results of all experiments are 
given in Table 1. Calculation of the ratio of the daily dose of THY. and T.I.T. 
necessary just completely to inhibit each rabbit in the series gave a value of 
1: 1-29 + 0-06 (s.z. of seven determinations) for the relative activities of THY. 
and T.I.T. on a weight basis and’1:1-09 + 0-05 (s.z. of seven determinations) 
on a molar basis. 

Control experiments 

In a second group of experiments, the seven rabbits used in the first experi- 
ment were given control injections of 0-9% NaCl solution at pH 8-5 (1 ml. 
twice a day), two successive daily injections of 13 ug iodide and one injection 
of 26g iodide (as KI in -0-9% NaCl solution) during a release curve. The 
amounts of iodide injected were equivalent to and double the iodine content 
of the largest daily dose of thyroxine or triiodothyronine used (20 ug THY. = 
13g I’). In no case was any effect on the rate of release of thyroidal 1"! 
observed following the injections of saline or of potassium iodide at this dosage. 


DISCUSSION 
The method of ‘release curves’ has been shown to give a reliable measurement 
of thyroid activity in the rabbit. The temporary complete inhibition of 
release of "I that follows the administration of thyroxine or triiodothyronine 
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is principally, if not ey: due to a suppression of pituitary thyrotrophic 
hormone secretion. 

By the method of repeated daily doses described, the ‘inhibitory’ dose level 
for THY. and T.1.T. has been determined in seven rabbits. The relative 
potencies by this technique were 1: 1-29 (weight for weight) THY.:T.1.T. 

From the data of these experiments, the thyroid activity of the rabbits 
(in pg of THY. secreted per day) was from 14-5 to 19-0 (Table 1). This range is 
in good agreement with the results of Maqsood (1950), who used the goitre 
prevention method and found a secretion rate of about 184g THY./day in the 
adult male rabbit. : 

While T.I.T. appears to be rather more potent than THY. in the experi- 
ments described in this paper, the difference in activity is far less than that 
reported by many other workers. Pitt-Rivers (1953) found that the ratio of 
THY.:T.1.T. activity was 1:5 in the rat-goitre prevention test, 1:4 in pro- 
ducing changes in the blood cholesterol level in human myxoedema, and 1:5 
in restoring the growth rate in young thyroidectomized rats. Tomich & Woollet 
(1953) found the ratio 1:7-4 (rat-goitre prevention) and 1:5 (rat B.M.R.). 
Heming & Holtkamp (1953) found a 1:3-5 ratio (goitre prevention in rats), 
1:3-5 (B.M.R. in thyroidectomized rats). In man, Lerman (1953) reports that 
T.I.T. is 4—5 times as effective as THY. in the treatment of human myxoedema, 
and Starr & Liebhold-Shoeck (1953) found it to be 10 times as effective in 
depressing thyroidal 1**I uptake in normal men. 

In contrast to these findings, T.I.T, was observed to be only slightly more 
effective than THY. in the experiments on rabbits described in this paper. 
In agreement with the present findings, however, T.I.T. was found to be no 
more active than THY. in its action on the B.m.R. of normal, as opposed to — 
thyroidectomized, rats by Heming & Holtkamp (1953). Gemmill (1953) found 
a slightly higher activity only (on a weight basis) for T.I.T. in the mouse 
anoxia test and equal activity in the intact mouse with respect to stimulation 
of the B.M.R. Bartlett, Burt, Folley & Rowland (1954) found that oral T.1.T. 
was relatively inactive when tested for its galactopoietic effect in lactating 
cows, and that injected subcutaneously T.I.T. was only slightly more effective, 
on a weight basis, than THY. Gilliland & Strudwick (1953) compared the 
effects of equimolecular doses of THY. and T.I.T. on the release of #"I-labelled 
hormone from the thyroid gland of the chick. From their published results, 
the ratio of activity was not more than 1:2, THY.:T.I.T. and possibly as low 
as 1:1-3. 

It appears, therefore, that when the relative activities of THY. and T.1.T. 
in maintaining a euthyroid state, as judged by various criteria (goitre pre- 
vention, B.M.R., restoration of growth, blood cholesterol changes) in the 
thyroid-deficient animal (thiouracil treated, thyroidectomized or myxoede- 


matous), are — T.I.T. is strikingly more active. In the euthyroid 
23-2 
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animal, on the other hand, T.I.T. is apparently only slightly more active as 
judged by its effects on 0, consumption (rat and mouse), anoxia survival 
test (mouse), galactopoiesis (cow) and inhibition of the release of 1*1I-labelled 
hormone (chick and rabbit). Starr & Liebhold-Shoeck (1953), however, found 
T.1.T. much more effective in depressing the “I uptake of the thyroid gland 
in man. 

The distribution and metabolism of injected T.1.T. differs markedly from 
that of THY. (Deiss, Albright & Larson, 1953; Keating & Albert, 1953). 
Roche, Michel, Michel & Tata (1954) have shown that T.1.T. disappears from 
the blood more rapidly than THY., and that after ligature of the bile duct 
T.1.T. may be found as a glucuronide in the plasma earlier than THY. in the 
rat. Thyroxine glucuronide, which is formed in the liver, was found by Briggs, 
Taurog & Chaikoff (1953) to be less well absorbed from the gastro-intestinal 
tract than thyroxine in the rat. As the formation of a glucuronide is more 
marked after administration of a large unphysiological dose of thyroxine 
in the rat than after a tracer dose, these workers have suggested that this 
conjugation may represent a mechanism whereby the body can deal with 
an excess of thyroid hormone. The work of Roche e¢ al. (1954) suggests that 
an excess of T.I.T. may be more effectively dealt with in this way than THY. 
Similar mechanisms may exist in other species, and this difference in dealing 
with large pharmacological doses may also apply to the metabolism of less 
excessive but still supernormal amounts of exogenous thyroxine or triiodo- 
thyronine. If this is so, an excess of T.I.T. might be more effectively dealt 
with than an excess of THY. This may account for the failure of experiments 
on normal euthyroid animals, dependent on the presence of an excess of thyroid 
hormone, to demonstrate the markedly higher activity of T.1.T. as compared 


with THY. which has been found after the administration of these compounds _ 


to hypothyroid or potentially thyroid-deficient animals in experiments where 
the restoration or maintenance of the euthyroid state is taken as an index of 
their activity. 


SUMMARY 

1. The relative abilities of thyroxine and triiodothyronine to depress 
pituitary thyrotrophic hormone secretion in the rabbit have been determined, 
using the rate of release of }*4-labelled hormone from the thyroid gland as an 
index of thyroid activity. A simple method for the determination of the daily 
thyroid secretion rate in the rabbit is described. The thyroid secretion rate of 
_ adult, non-pregnant female rabbits at 28° C is approximately 6 ug thyroxine/kg 

body wt./day. it 

2. With repeated daily doses, a ratio of 1: 1-29 (weight for weight) is found 
for the relative activity of thyroxine: triiodothyronine. 
3. The possible significance of these findings is discussed. 
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A MECHANICAL MODEL OF THE HEART 


By L. E. BAYLISS 
From the Department of Physiology, University College London 
(Received 4 August 1954) | 


A great many mechanical systems have been described by various authors at 
various times with the object of demonstrating the essential features of the 
mammalian blood vascular system, and its behaviour in various experimental — 
conditions. Many other workers have doubtless constructed such systems for 
the instruction of students, but have not made any written description for 
publication. But no attempt seems to have been made to arrange that the 
pump used to circulate fluid through the system should behave like the heart, 
in the sense of obeying the ‘Law of the Heart’. The majority of models, it is 
true, have used some form of flexible bag as the working ‘cylinder’, so arranged 
that it is not actively expanded; the volume of fluid entering during ‘diastole’, 
and hence the stroke volume, thus depending on the ‘venous’ pressure, and 
the ‘diastolic’ volume varying with the output. Such a pump obeys the Law 
of the Heart in one respect, but the ‘diastolic’ volume does not vary with the 
‘arterial’ pressure, as it should. It can be made to do so, however, if an elastic 
element, such as a spring, is inserted between the driving mechanism (for 
example, a cam) and the plate which compresses the flexible bag. This spring 
behaves as the ‘series elastic element’ of Hill’s model of a skeletal muscle 
(1938): no fluid is ejected by the pump until the spring is compressed to such 
an extent that it exerts a force equal to that developed by the ‘arterial’ 
pressure acting on the plate compressing the flexible bag. Suppose that during 
‘diastole’, the conditions in the circuit to which the pump is connected are so 
changed that the minimum pressure needed for ejection of fluid in the sub- 
sequent ‘systole’ is raised. During this systole, then, the movement of the 
cam follower will be taken up to a greater extent in compressing the ‘series’ 
spring, and less in compressing the flexible bag. As with the heart, the stroke 
volume will be decreased: but if the arrangements are such that the rate of 
inflow to the pump is kept constant, this decrease can only be transitory. In 
the steady state the output. of the pump will return to its initial value, but the 
‘diastolic’ volume will be increased by the amount of fluid retained during the 
transient decrease in stroke volume. : 
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It is highly desirable, in order to demonstrate the behaviour of a pump 
constructed on this principle, that a continuous record should be available of 
the volume of fluid contained within it—i.e. of the ‘diastolic’ and ‘systolic’ 
volumes, and thus of the stroke volume. When a closed circuit is used, 
representing the circulatory system of an animal, the output of the pump must 
be inferred from the stroke volume and frequency, unless, of course, some 
relatively elaborate flow recorder is used. The movement of the plate which 
compresses a flexible bag does not give such a record, since, during ‘systole’, 
the wall of the bag is stretched and distorted, in those parts which are not 
actually between the compressing plates, by an amount which varies with the 
‘arterial’ pressure. The method used by Krogh (1912) and by Bazett (1947), 


in which the flexible bag is enclosed in a rigid chamber and compressed 


Parallel spring Series spring 


_ Fig. 1, The ‘artificial heart”. Diagram of arrangement of * piston and spring’ model. 


periodically by means of water under pressure, allows the stroke volume to be 
easily measured (but not so easily recorded continuously), but gives no 
measure of the ‘diastolic’ volume. On the other hand, the position of a piston 
within a cylinder does give a reasonably accurate record of the volume changes 
within the cylinder. The general design of an ‘artificial heart’ based on these 
considerations is shown in Fig. 1. 


It must be recognized that the record of the stroke volume is not necessarily a true measure of 
the output per stroke: it is so, only if the valves, when closed, permit no back leakage. With the 
valves used in the course of the work described in this paper, there was an appreciable, though not 
serious, error from this cause when the ‘arterial’ pressure was large (greater than 130 mm Hg) 
and small (less than 80 mm Hg), particularly when the output of the pump was small (less than 
120 ml./min). 


There should, however, be little frictional resistance to the inflow of fluid 
into the pump, and, in particular, there should be no static friction. It is 
impossible to make a piston which moves sufficiently freely within the cylinder, 
and yet does not leak. This leak must therefore be accepted, and in the model 
constructed the fluid was collected in a small sump and pumped back into the 
main system by a small auxiliary pump of the ‘compressed bag’ pattern. The 
actual rate of leak varied, of course, with the ‘arterial’ and ‘venous’ pressures, 
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but was of the order of 1-5 ml./min, the main pump being ey of outputs 


up to 1000 ml./min. 


The piston was constructed out of ‘Perspex’ and the cylinder out of brass, a mixture of equal 
parts of ethylene glycol and water being used as the working fluid. This fluid provided adequate 
lubrication, and, since it has a viscosity of about 3-5 times that of water, the rate of leak was 
correspondingly reduced. In addition to the strong ‘series’ spring, so arranged as to take up part 
of the movement of the cam follower before it is communicated to the piston, a weak ‘parallel’ 
spring is attached to the piston, opposing the filling of the cylinder during ‘diastole’, as shown in 
Fig, 1. The non-linear nature of the relation between diastolic volume and intra-ventricular 
diastolic pressure was imitated, approximately, by using three springs in parallel, the second and 
third being slack until the piston had moved through about one-quarter and about one-half 
respectively, of its maximum excursion. A fine wire was attached to the piston rod at one end, 
and to a simple spring-loaded lever at the other end, thus recording on smoked paper the volume 
of fluid in the pump at any moment. 


The conflicting requirements of frictionless movement, absence of leak, and 
simple recording of the volume of fluid within the pump, may be satisfied 
rather more completely by an alternative design. A flexible rubber bag is 
enclosed within a rigid chamber, as in Krogh’s (1912) and Bazett’s (1947) 
designs, and periodically compressed, not by the application of water pressure, 


Fig. 2. The ‘artificial heart’, Diagram of arrangement of ‘double-bag’ model. The cardiometer 
and its connecting tubes are viewed from above: the two tubes form a hinge about which the 
cardiometer can rotate in a vertical plane, supported by a spring (not shown). 


but of air pressure. The volume of fluid within the bag at any moment can then 
be recorded in terms of its weight—i.e. in terms of the extension of a spring, 
or other elastic support. Moreover, if the air pressure is supplied by a second 
flexible bag which is periodically compressed, either by a cam-operated plate, 
or by the application of water pressure, the closed volume of air contained in 
this second hag and in the space outside the first bag, acts as the series elastic 


element. No fluid can be expelled from the first bag until the pressure of this" 


quantity of air has been raised so as to be equal to, or greater than, the 
‘arterial’ pressure in the fluid system. Fig. 2 shows the general arrangement 
of the parts of an ‘artificial heart’ of this pattern. 


If the connexion between the second bag and the space outside the first bag presents appreciable 
resistance to the flow of air, the pressure applied to the fluid during systole will depend, not only 
on the volume of fluid present at any moment, but also on the rate at which this volume is changing. 
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In other words, the pump would behave as if, in the heart, the tension set up by the cardiac 
muscle fibres depended on the rate of shortening, as well as on the initial length. It does not seem 
to have been established whether, in fact, there is such a ‘ force-velocity’ relation in cardiac muscle, 
as there is in skeletal muscle. 


The possibility, in this system, of using water pressure, applied and released 
by rhythmically operated valves, rather than a mechanically driven cam, 
presents a further advantage, in that the relative duration of ‘ systole’ and 
‘diastole’, as well as the duration of the whole cycle of operations, can be 
readily adjusted at will. But this is not possible if a cam is used, operating 
either a piston in a cylinder, or the ‘double bag’ arrangement. Indeed, with 
this system, as the power required of the pump is increased, and with it, the 
‘diastolic’ volume, the duration of ‘systole’ is unavoidably increased at the 
expense of the duration of ‘diastole’, since the cam follower comes into contact 
with the cam earlier in the cycle of operations. For this reason, mechanically 
operated valves cannot be used effectively, although they might be desirable; 
and a proper investigation of the effects of the addition of an ‘auricle’ would 
not be possible. 


The actual recording of the changes in weight of the fluid-containing bag is, in fact, less simple 
than might appear at first sight, owing to the conflicting requirements of sensitivity and rapidity 
of response. The mass of the fluid within the bag obviously cannot be reduced, since it is this which 
is being recorded; but care can be taken that the mass of the containing chamber is not excessive. 
The supporting spring must be maderelatively stiff, and its linearextension magnified considerably. 
This would present no difficulty if optical or electrical amplification were used, but these were 
considered undesirable in an apparatus primarily intended for use by students. Reasonably 
satisfactory records were obtained, however, by using a glass cardiometer of Henderson’s 8 pattern 
to enclose the rubber bag (an approximately spherical toy balloon). This was mounted horizontall 
as shown in Fig. 2 and two horizontal rubber tubes, one carrying fluid between the interior of the 
bag and the valve chest, and the other carrying air between the cardiometer and the second bag, 
compressed by the cam-operated plate, provided a support about which the whole system could 
hinge. The second (air-filled) bag consisted of a piece of bicycle inner tubing clamped tightly at one 
end and provided with a rubber bung and short length of glass tubing at the other end. The 
pressure within this bag varied sufficiently with its distension, and no additional parallel elastic 
element was needed. The cardiometer was supported by a spiral spring, and a long aluminium 
lever was attached to it; the end of this lever was connected by a thread to a simple recording 
lever with light spring-loading, such as is used to record the contractions of the frog’s heart. It was 
necessary to provide damping by attaching an oil dashpot to the cardiometer. This system gave 
adequate records of the stroke volume at ordinary frequencies of operation of the pump (some 
60/min), although it was not adequate to record the precise time-course of filling and emptying of 
the pump. 

The detailed design, and precise dimensions, of the pump will depend on individual al 
and the possibility of making use of components which are readily available. In the ‘piston and 
spring’ model, the length of the cylinder, and thus the maximum stroke of the piston, should be 
equal to, or greater than, the total lift of the cam. The ‘series’ spring should be chosen so that when 
compressed by an amount equal to the full lift of the cam, it exerts a force sufficient to develop 
within the cylinder the maximum isometric pressure desired—say some 200-300 mm Hg. In the 
model actually constructed, the piston was driven by one end of a lever system, the series’ spring 
being at the other end and the cam-follower in the centre. This was due to the use of parts which 
happened to be available, but this arrangement is, in fact, somewhat more compact than that in 
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which the cam, ‘series’ spring and piston are all in one line. In the ‘double bag’ model, the volume 
of the cardiometer should be not greater than twice that of the fluid-containing bag when just 
distended. The volume of the air-containing bag, when distended by a pressure of, say, 20 cm H,0, 
should be at least equal to that of the cardiometer. The lift of the cam should be sufficient to 
ensure that the compressing —: is able to flatten this bag completely from its fully distended 
condition. 

In both types of pump, ‘arterial’ ieapileac was provided in the usual way, by means of an 
inverted bottle mounted on a side tube just perons the output valve. A similar, but deryer, 


- inverted bottle was included on the ‘venous’ side of the inlet valve. ‘Arterial’ and ‘venous’ 


pressures were recorded by membrane manometers, not with the object of providing accurate 
records of the fluctuations in pressure, but in order to reduce the total excursion of the records; 
both manometers were, in fact, deliberately overdamped. All three records, of ‘arterial’ pressure, 
volume of fluid within the pump, and ‘venous’ pressure, as well as time marks, could be accommo- 
dated on a student’s kymograph without overlap. 
In addition, in some experiments, the current taken by the motor driving the operating cam 
1/50 nominal h.p. d.c. series connected) was recorded by means of a milliammeter arranged to 
write on the smoked paper: this provided a measure of the power required to operate the pump. 


Demonstration of the properties of the pump 
The fact that this type of pump obeys the ‘Law of the Heart’ is best shown 
by attaching it to the conventional circuit used with the heart-lung prepara- 
tion (Knowlton & Starling, 1912): the heating coil, and other parts necessary 
for maintaining the temperature of the circulating blood, may, of course, be 
omitted. Typical tracings obtained in this way are reproduced in Fig. 3. 


Increasing the rate of venous inflow, at constant arterial pressure, leads to an 


increase in the stroke volume, as is to be expected. This is due mainly to an 
increase in the diastolic volume, the systolic volume remaining more or less 
unchanged (Fig. 3A). Increasing the arterial pressure, at a constant rate of 
venous inflow, leads to equal increases in both diastolic and systolic volume, 
the stroke volume remaining sensibly constant (Fig. 3 B). 


The arterial pressure stabilizer, as used with the heart-lung preparation, is never really perfect, 
in the sense of possessing no viscous resistance; there must also be some viscous resistance in the 
connecting pipes. The arterial pressure will, accordingly, rise somewhat when the output of the 
pump is increased, The recorded arterial pressure can, of course, be kept constant, by suitable 
adjustment of the pressure stabilizer, as in Fig. 3A, but even then, the pressure within the pump 
cylinder will rise when the output is increased, owing to the resistance to flow in the output valves, 
and the increased kinetic energy imparted to the fluid. There is thus some increase in the systolic 
volume. Again, the measured output of the pump falls by some 10% when the arterial pressure 

is raised from 50 mm Hg to 200 mm Hg: this results from the rise in venous pressure and the 
- consequent reduction in the head of pressure between the venous reservoir and the pump. The 
stroke volume, however, remains more nearly constant, owing to the increased rate of leakage 
past the closed valves (and past the piston in the ‘ piston and spring’ model), as the arterial pressure 


is raised. 

Analysis of records such as those reproduced in Fig. 3 shows that the change 
in the current taken by the driving motor—a measure of the additional 
electrical power applied—bears an approximately linear relation to the 
hydraulic power developed by the pump. But, as with the heart, power must 
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be supplied in order to keep the pump moving, even when no hydraulic power 
is developed, so that the mechanical efficiency rises from zero as the outputand — 
arterial-pressure are increased. As with the heart, also, the mechanical 


Motor current 


3 rt Volume in pump 


“Venous” pressure 


A B 
Fig. 3. The behaviour of the pump in the ‘Heart-lung’ circuit. ‘Piston and spring’ model. 
A: the venous inflow changed, the arterial pressure being kept constant. B: the arterial 
pressure changed, no adjustment being made to the control of the venous inflow. The records 
show, from above downwards: current taken by driving motor; arterial pressure; volume of 
fluid in pump (and thus stroke volume); time in 5 sec intervals; venous pressure. 


efficiency, for a given value of the hydraulic power, is less when the arterial 
pressure is large and the output small, than when the output is large and the 
arterial pressure small (Evans & Matsuoka, 1915; Evans, 1918). The relation 
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between hydraulic power and diastolic volume is rectilinear, but different lines 
are obtained according as the power is varied by adjusting the output or by 
adjusting the arterial pressure. Again, the line relating electrical power to 
diastolic volume is straight when the pressure is kept constant, but curved 
when the output is kept constant; a straight line is obtained, however, when 
the electrical power is plotted against the square of the diastolic volume. As is 
shown in the Appendix, these relations between diastolic volume and hydraulic 
and electrical power are to be expected from the design of the pump, whose 
behaviour is thus unlike that of the heart. Starling & Visscher (1927) found 
that in the heart-lung preparation, the diastolic volume is proportional to the 
work done, but only in a certain proportion of the experiments in which the 
heart was ‘in good condition’ and remained so over the whole period of the 
observations. The same authors, confirmed by Hemingway & Fee (1927), found 
that in the heart the rate of oxygen consumption always increased in direct 
proportion to the increase in diastolic volume, and that it made no difference 


whether the output or the arterial pressure was changed. That the pump should 


behave energetically in a different way from the heart is not surprising in view 
of the very different nature of the ‘contractile element’. 


The behaviour of the pump in a model of the circulation 

When connected with a closed circuit model of the circulation, of the general 
type described by many previous authors, this pump introduces a feature of 
some importance which is absent when other kinds of pump are used. 

From the functional standpoint, the essential constituents of the circulatory 
system are (a) a peripheral resistance which develops a pressure depending 
upon the rate of flow, and (6) a capacitance which develops a pressure de- 
pending upon the volume of fluid contained within it. The major part of the 
capacitance is on the low-pressure side of the major part of the resistance, but 
a small part is on the high-pressure side, owing to the compliance of the larger 
arteries. There is likely, also, to be some resistance to flow—probably variable 
—between the greater part of the capacitance and the heart, i.e. in the 
venous system. Some part of the whole capacitance, also (that introduced by 
the great veins and the relaxed heart itself) lies between the venous resistance 
and the heart. 

The model actually used to provide the records given in this paper was essentially the same as 
that already described in an earlier paper (Bayliss, 1940). The ‘capillary system’, however, con- 
sisted of a single large tube which was compressed between two plates by means of a spring. The 
pressure within this tube, for any given volume of fluid within it, could be controlled by means of 
an adjustable screw to which one end of the spring was attached. In this form of control, the 
volume compliance of the ‘capillary’ system is constant (at 150 ml./cm Hg in the apparatus used) ; 
but the volume at which the ‘capillary’ pressure is zero is changed, and may, in fact, be made 
negative. ‘ Arteriolar’ resistance is introduced by means of a screw clamp on the tube connecting 


the pump to the ‘capillary’ system, and ‘ venular’ resistance by a second screw clamp on the tube 
leading from the ‘capillary’ system back to the inlet side of the pump. 
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In such a closed circuit system, the inflow to the pump during diastole, and 
hence the output during the subsequent systole, is determined by the value of 
the venous pressure. In the absence of any appreciable venous resistance, this 
is determined solely by the distension of the capillary capacitance and the 
position of the screw controlling the compressing spring. The effects produced 


‘Arterial’ pressure 


Volume in pump 


‘Venous’ pressure 


B 


Cc 

Fig. 4. The behaviour of the pump in the closed circuit model of the circulation. ‘Double bag’ 
model. A: increase of capillary capacitance by adjustment of the controlling screw, followed 
by addition of fluid to the system. B: increase of arteriolar resistance, followed by decrease, 
the venular resistance being very small. C: the same as B, except that the venular resistance 
was increased, 


first, by changing the position of the controlling screw, and then by the 
addition of fluid to the whole system are illustrated in Fig. 4A. As with any 
kind of pump, the use of a true peripheral resistance in the circuit, instead of 
the pressure stabilizer as used with the heart-lung preparation, has the effect, 
of course, of making it impossible to change the output of the pump without 
simultaneously changing the arterial pressure, as is demonstrated in Fig. 4A. 
But with the type of pump described in this paper, it is also impossible to 
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change the arterial pressure, by adjustment of the peripheral resistance, with- 
out simultaneously changing the output of the pump, as shown in Fig. 4B. 
The hydraulic power which the pump can develop depends only on the diastolic 
volume, and this, as already remarked, depends only on the venous pressure. 
To a first approximation, alteration of the peripheral resistance will not affect 
the venous pressure: the hydraulic power developed by the pump will be 
constant, and any increase in arterial pressure must be accompanied by a 
compensatory reduction in output. Actually, however, when the arterial 
pressure rises, the system between the pump and the peripheral resistance 
will contain more fluid than before, owing to the presence of the arterial 
capacitance, and the rest of the system, between the peripheral resistance 
and the pump, must contain less; the venous pressure will therefore fall slightly, 
as in Fig. 4B, and the reduction in output will be accentuated. The output of 
the pump can be kept constant, of course, if the change in peripheral resistance 
is arranged to be accompanied by an appropriate change in the venous and 
capillary capacitances. 

The venular resistance. The presence of an appreciable hydraulic resistance 
between the capacitance and the pump has an important effect on the 
behaviour of the whole system. The effect of such a venular resistance is to 
raise the pressure within the capillary capacitance, above that at the entrance 
to the pump, by an amount which depends on the rate of flow round the 
system. If the output of the pump becomes reduced, in consequence of an 
increase in the arteriolar resistance, for example, this pressure drop will be 
diminished, and fluid will be discharged from the capillary capacitance into 

the venous system, so enabling the pump to develop a greater hydraulic 
power. This effect is illustrated in Fig. 4C. The spring controlling the pressure 
within the capillary capacitance was tightened as far as possible, thus, of course, 
raising the venous pressure. (The same end result could have been achieved by 
adding more fluid to the system.) A screw clamp on the tube from the capaci- 
tance to the pump was then partly closed until the venous pressure returned 
to its previous value. The mean drop in pressure between the capillaries and 
the veins was thereby increased from about 15cm H,0 (1 mm Hg) to 
11 cm H,O (8 mm Hg), the rate of flow and the arterial pressure being sensibly 
unchanged. As will be seen from the records, increasing the arteriolar resistance 
is now accompanied by a rise in venous pressure, and the effect on the output 
of the pump is very much less drastic. The increase in the hydraulic power 
developed is indicated by the increase in diastolic volume. 

This effect of the presence of a venular resistance in stabilizing the venous 
pressure, and thus the output of the pump, is well demonstrated in the response 
of the system to a withdrawal of fluid (‘haemorrhage’). The records of Fig. 5 A 
and B show the effect of rapidly withdrawing 50 ml. of fluid from the capillary 
capacitance, before and after increasing the venular resistance as already 
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described. The reductions in venous pressure, pump output and arterial 
7 pressure are all substantially smaller after the venular resistance had been 
increased. Moreover, the arterial pressure can now be restored, by increasing 
the arteriolar resistance, without by so doing, producing so drastic a reduction 
| in the output of the pump. 


The effect of increasing the venous resistance was studied by Bazett (1947) with his model of 
' the circulation: he came to the contrary conclusion, that the effects produced by a given 
‘haemorrhage’ were more drastic after the venous resistance had been increased. In his model, 
however, the pump did not obey the ‘ Law of the Heart’, as he emphasized himself, and there was 
a substantial capacitance between the venous resistance and the pump: this will have the effect 
of reducing the rise in venous pressure which is produced by the discharge of a given volume of 
fluid from the capillary system. Moreover, he did not adjust the system after increasing the venous 
resistance, 80 as to restore the venous pressure to its previous value. 


| ‘The interstitial (tissue) fluid. Bazett (1947) introduced into his model of the 
circulation a vessel containing water (the working fluid) connected with the 
capillary capacitance: as the capillary pressure rose and fell, water entered and 
left this vessel, and represented a transfer of fluid between the blood circulation 
and the interstitial spaces. The effects produced by inserting such a vessel are, 

4 _ of course, identical with those produced by increasing the volume compliance 
of the capillary system by an amount determined by the cross-sectional area 
of the vessel. But it is, perhaps, instructive, particularly for student demon- 
strations, to subdivide physically, in this way, the capillary compliance: the 
subdivision may be made more evident if a delay is introduced in the transfer 
of fluid from capillaries to interstitial space, by including a suitable length of 
tubing of small diameter in the connexion between them. 

| In Fig. 5 are presented records showing the effects of withdrawing 50 ml. of 
fluid (A) without the interstitial fluid, and (C) when a cylindrical vessel 4-3 cm 
in diameter was connected to the capillary capacitance. The venular resistance 
was made small. In A the venous pressure, arterial pressure and stroke volume 
‘fall to a plateau; in C there is an initial fall, smaller than in A, with a sub- 
sequent steady recovery, as interstitial fluid enters the system. It was 
| observed, from graduations on the interstitial fluid vessel, that 31 ml. entered 
the circulation before equilibrium was regained, and that a further 6 ml. 
entered when the arterial pressure was restored by increasing the arteriolar 
| resistance. 

The stabilizing actions of the presence of the interstitial fluid reservoir and, 
even more, of the introduction of venular resistance, on the behaviour of the 
i whole circulation, are well demonstrated by the figures given in Table 1. The 
system was first set up without the interstitial fluid reservoir, and with minimum 
venular resistance, and was adjusted so that the output of the pump was about 
200 ml./min with an arterial pressure of about 100 mm Hg. The system then 
contained 140 ml. of fluid. 50 ml. were then withdrawn, with a consequent 
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Volume in pump 


*Venous” pressure 


A B Cc 


Fig. 5. The effect of withdrawal of fluid (“haemorrhage’) and restoration of the arterial pressure 


by increasing the arterial resistance. ‘Double bag’ model. A: without venular resistance. 
B: with venular resistance. C: without venular resistance, but with the interstitial fluid 
reservoir connected. The same quantity of fluid (50 ml.) was withdrawn in each case. 


Tase 1. Circulation model, with ‘piston and spring’ pump. Effects of withdrawal 
of fluid and compensatory ‘vasomotor’ changes 
Com- Com- 
50 ml. fluid 
Initial withdra constriction dilation 
(a) Low ‘venular’ resistance. No ‘interstitial fluid’ 3 


‘ Arterial’ pressure, mm 97 57 97 — 
‘Venous’ pressure, cm H, 16-0 11-2 10-5 — 
Output, ml/min 220 130 . 65 — 
ic’ volume, ml. 9-7 4:8 5-2 — 

Ae Low ‘venular’ resistance, with ‘interstitial fluid’ 

Arterial’ press mm Hg 97 77 98 — 
Capillary em H,O 20-0 18-3 18-1 
‘Venous’ pressure, cm H,O 17-0 15-0 15-0 — 
Output, ml./min 230 185 150 — 
‘ Diastolic’ volume, ml. 103 8-0 8-5 — 

(c) High ‘venular’ resistance, with ‘interstitial fluid’ 

‘ Arterial’ pressure, mm Hg 97 83 99 97 
‘Capillary pressure, cm H,O 26-0 23-5 23-4 
‘Venous’ pressure, cm H,O 16-0 14-8 15-3 16-0 
Output, mal./min 210 215 


‘Diastolic’ volume, ml. 9-7 8-0 88 9-7 
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reduction in output and arterial pressure to 60% of the initial value. The 
arteriolar resistance was then increased so as to restore the arterial pressure, 
with the result that the output fell to 30° of the initial value. The fluid with- 
drawn was then restored to the system, and the interstitial fluid reservoir 
connected, the output and arterial pressure being re-adjusted to the initial 
values. The interstitial fluid reservoir then contained 60 ml. and the remainder 
of the system 145 ml., 50 ml. of fluid was again withdrawn, and time allowed 
for equilibrium to become established. The arterial pressure and output were 
this time reduced to 80%, of the initial value. On raising the arterial pressure 
to the initial value, the output fell to 65 % of the initial value. After returning 
the fluid withdrawn, the venular resistance was increased, together with the 
capillary pressure, 80 as once more to restore the initial conditions: fluid, of 
course, was transferred from the capillaries to the interstitial fluid reservoir, 
which now held 145 ml. Withdrawal of 50 ml., and restoration of the arterial 
pressure by arteriolar constriction now reduced the output of the pump to 
85 and 80%, of the initial value, respectively: and in the final state, 37 ml. of 
fluid had entered the circulation from the interstitial fluid. Withdrawal of an 
amount of fluid which produced a very substantial reduction in output, at 
constant arterial pressure, in the absence of interstitial fluid or appreciable 
venular resistance, produced relatively little effect in their presence. The 
arteriolar resistance was now returned, as closely as possible, to the initial 
value, and, instead, the venular resistance was reduced until the arterial 
pressure was restored, in consequence of the increase in output of the pump. 
The venular resistance had to be reduced to 75% of its initial value, with a 
consequent reduction in the total peripheral resistance. The output of the 
pump necessary to maintain the arterial pressure at its initial value was thus 
greater than in the initial conditions; the increase, however, was only some 
3%, barely detectable on the record. 

‘Cardiac insufficiency.’ The effect of an inadequate supply of oxygen, for 
example, in reducing the ‘force’ of the heart beat, may be imitated, in the 
model, either by increasing the distance between the operating cam and the 
cam-follower, or by increasing the compliance of the ‘series’ spring, or volume 
of air, as the case may be. The first is, mechanically, the simpler, and the effect 
produced is the same as if the ‘contractile element’ of the cardiac muscle failed 
to shorten so completely when brought into the ‘active state’. The results of 
an experiment in which this was done are illustrated in Fig. 6. When the 
capillary compliance and venular resistance are both small (Fig. 6 A) the result, 
as is to be expected, is primarily a reduction in the output of the pump, which 
is accentuated if the arterial pressure is maintained by arteriolar constriction. 
When the capillary compliance is increased (by including the interstitial fluid 
reservoir) and an appreciable venular resistance 1s inserted (Fig. 6B) the 
reduction in output is largely compensated by the automatic increase in 
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venous pressure, and accompanying increase in diastolic volume. It seems, 
_ a priori, that the effect of an inadequate supply of oxygen (or other metabolite) 
may well be exerted on the contractile element of the cardiac muscle: but the 
converse effect of, say, adrenaline in increasing the ‘force’ of the beat, again 
from a priori reasoning, may equally well be exerted on either the contractile 
element or the series elastic element. 


‘Arterial’ pressure 


Volume in pump 


‘Venous’ pressure 


A B 


Fig. 6. Representation of ‘cardiac insufficiency’. ‘Double bag’ model. The effective lift of the 
operating cam of the pump was reduced, with a consequent fall in arterial pressure, and rise 
in diastolic volume and venous pressure. The arterial pressure was then restored by increasing 

_ the arteriolar resistance. A: without venular resistance. B: with venular resistance. 


| DISCUSSION 

In assessing the value of the design of pump described in this paper as repre- 
senting a true model of the heart, it must be remembered, to begin with, that 
it consists of only a single chamber: its behaviour, therefore, cannot be 
expected to be identical with that of a four-chambered mammalian heart. 
There would be no difficulty in constructing a model with four chambers, and, 
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as a first step, an investigation of the effects produced by the addition of an 
‘auricle’ might lead to some interesting observations; it seems unlikely, how- 
ever, that there would be any fundamental changes in the properties of the 
pump. But the mutual relations between arterial pressure and venous pressure, 
observed with the single-chambered pump in the model of the circulation, may 
not be truly representative of the behaviour of the mammalian circulation. 
An increase in the peripheral resistance affects primarily the left heart: and the 
output would fall only in so far as the increased load on the left heart is 


_ transferred, through a rise in pulmonary venous and arterial pressures, to the 


right heart. There can be no doubt that in the heart-lung preparation, an 
increase in the load on the left heart does increase the load on the right heart; 
an increase in the systemic arterial pressure, for example, is accompanied by 
an increase in the systemic venous pressure, as well as in the left auricular 
pressure (Patterson & Starling, 1914). Hamilton & Remington (1948) observed, 
also, that in anaesthetized dogs, a change in the peripheral resistance, main- 
tained for a few minutes, was accompanied by an inverse change in the stroke 
volume of the heart, the work of the heart remaining more or less constant, or 
rising somewhat when the peripheral resistance was reduced. Nevertheless, 
the quantitative relation between the systemic arterial pressure, the diastolic 
volume and the systemic venous pressure must be affected by the properties 
of the pulmonary vascular system. In addition, changes in the rate of flow 
through the coronary vessels will lead to changes in the output of the right 
heart, and will thus affect the diastolic volume and systemic venous pressure. 

Next, it is important to ensure that the various components of any system 
intended as a model should be constructed to a consistent scale: the size and 
output of the pump should be in correct relation to the magnitudes of the 
resistances and capacitances in the circuit to which it is attached. It must be 
admitted that the components included in the models used in this work were 
to a large extent constructed arbitrarily, and the magnitudes of the various 
parameters adjusted empirically. It is of interest, however, to investigate the 
extent to which they departed from the ideally appropriate values, in so far 
as these can be discovered, and the probable significance of these departures 
on the behaviour of the models. ve | 

The pumps used in the course of the investigations had a ‘comfortable’ 
output of about 200 ml./min at about 100 mm Hg pressure; the venous 
pressure was not excessive, and a considerable increase in diastolic volume was 
possible. They may thus be considered as appropriate to an animal weighin 
about 2 kg. | 


The pump itself 
The volume of fluid held within the heart, and not expelled on each systole, 


is effectively withdrawn from the circulation. It will thus affect the volume 
| 24-2 
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within the venous system, and thus indirectly the work done by the heart. Its 
magnitude depends both on the venous pressure and on the arterial pressure, 
and may thus be considered as part of both the arterial capacitance and the 
venous capacitance. 

The diastolic compliance. Values of the relation between the diastolic volume 
and the venous pressure in the mammalian heart may be deduced from the 
observations of Patterson, Piper & Starling (1914). In their heart-lung 
preparations each rise in venous pressure of 1 cm H,0 corresponded to an 
increase in diastolic volume which varied from 0-6 to 3 ml., according to 


circumstances. In the ‘double-bag’ pattern of pump, the corresponding 


compliance fell from 3 ml./em H,O at zero venous pressure, to 1 ml./em H,0 
at 10 cm H,O. This may be regarded as reasonably satisfactory, in view of the 
fact that the ‘comfortable’ output was substantially smaller than that of the 
heart of an ordinary dog. The resistance to flow through the inlet valves and 
connecting pipes of the pump was probably appreciably greater than that 
between the great veins and the ventricle of a heart: the apparent diastolic 
compliance thus fell as the rate of inflow to the pump rose. This effect was even 
more marked in the “piston and spring’ pattern, owing to the sliding friction 
introduced by the piston and its guides. 

The diastolic ‘transconductance’. By this term is meant the ratio of the work 
done per stroke to the diastolic volume. As is shown in the Appendix, this 
relation, in the types of pump used, may be-expected to be different according 
as the work is varied by changing the arterial pressure, or by changing the 
venous pressure and output; whereas in the heart, there is little or no difference. 
In the ordinary working conditions, the ‘transconductance’ was smaller when 
the arterial pressure was large and the output small, than when the pressure 
was small and the output large. The contribution to the arterial compliance 
_ was thus excessive, in proportion to the contribution to the venous compliance. 
The presence of an appreciable resistance to flow through the output valves, 
also, resulted in a fall in the apparent ‘transconductance’ as the output was 
increased. Thus, for a given value of venous pressure, the diastolic volume 
tended to be too small by virtue of the input resistance, and too large by virtue 
of the output resistance, the two effects thus partly cancelling each other. The 
contribution to the venous compliance was, accordingly, not seriously affected. 


The circulatory system 

The arteriolar resistance. This presents little difficulty, since it can be readily 
adjusted so as to generate any desired arterial pressure. In the mammalia, 
the arterial pressure does not vary very greatly either with size or species of 
animal, and may be taken as about 110 mm Hg (Prosser, 1950). 

Venular resistance. According to Landis (1930) the drop in pressure along 
the veins of the rat is about 15% of the total drop across the heart, so that the 
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venular resistance is approximately 1/6 of the arteriolar resistance. According 
to Pappenheimer & Soto-Rivera (1948), the venular resistance in the isolated 
perfused hind-leg of the dog and cat increases from 1/25 to 1/10 of the 
arteriolar resistance as the rate of blood flow is increased. The actual venular 
resistance introduced in the model was 1/12 to 1/20 of the arteriolar resistance, 
and was thus approximately correct. 

Arterial capacitance. When. considering the capacitances of the arterial, 
venous and capillary systems, we are concerned not so much with the total 
volume contained in the systems in any given conditions, but with the rate of 
change of volume with internal pressure, i.e. with the volume compliance. 
Values of the compliance of the arterial system are available from the measure- 
ments of Wetterer & Pieper (1953) on anaesthetized dogs, of Hamilton & 
Remington (1947) and of Remington & Hamilton (1945, 1947) on freshly 
killed dogs or derived from observations on isolated arteries. Wetterer & Pieper 
find that the arterial volume compliance varies directly with the size of the 
dog, and is proportional to at least the 4/3 power of the body weight: Hamilton 
& Remington assume that it varies with the body surface, their figures leading 
to a value of 6-7 ml./cm Hg at 100-120 mm Hg arterial pressure, for each 
square metre of body surface. For a dog of about 15 kg body weight, the value 
given by the measurements of Remington & Hamilton (3:8 ml./em Hg) is some 
40% greater than that given by Wetterer & Pieper (2-7 ml./em Hg); this may 
be considered a reasonably good agreement in view of the probable difference — 
in vasomotor tone in the two kinds of preparation. The value of the arterial 
volume compliance appropriate to a dog of about 2 kg body weight is esti- 
mated, by extrapolation, to be 0-5 ml./em Hg (Wetterer & Pieper, 1953) or 
1-0 ml./em Hg (Hamilton & Remington, 1947). The actual value used in the 
model was 2 ml./em Hg, and was thus considerably too large. 

The venous capacitance. No direct measurements are available, but estimates 
of the relation between the venous compliance and the arterial compliance 
may be obtained from observations on isolated portions of arteries and veins, 
together with estimates of the volumes of blood within the arterial and venous 
systems. | 

An estimate of the magnitude of the venous compliance might be obtained from the relation 
between the initial rate of increase of ventricular volume at the beginning of diastole, as obtained 
from a cardiometer record, and the simultaneous rate of decrease of pressure in the great veins or 
atrium. A record from which such measurements might be made is given by Wiggers (1928), but, 
unfortunately, it lacks the necessary calibration scales of pressure and volume. 

According to Roy (1881), increasing the pressure within the jugular vein of a rabbit from 1 to 
10 mm Hg produced an increase in volume which was approximately 0-7 times the volume at 
1 mm Hg. Observations on isolated arteries, and on the whole arterial systems of recently killed 
dogs have been made by Roy (1881), MacWilliam (1902), Remington, Hamilton & Dow (1945), 
Remington & Hamilton (1945, 1947) and Hamilton & Remington (1947). Isolated arteries, how- 
ever, particularly the smaller arteries, are often in a state of contraction before being distended ; 
the compliance is very small for small pressures, and rises to a maximum when the internal pressure 
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is some 70-120 mm Hg. This, of course, is the behaviour to be expected from a cylindrical vessel 
whose walls obey, at least approximately, Hooke’s law. But the maximum value of the compliance 
varies with the degree of initial contraction, as does the internal pressure at which this maximum 
is reached: and in an artery which is not initially contracted, the maximum compliance may occur 
at, or close to, zero internal pressure. It is thus not surprising that the values of the compliance 
deduced from the measurements of various authors may differ from one another by an order of 
magnitude. Considering, however, an initially contracted artery at a pressure of about 100 mm Hg, 
it would appear that a rise of pressure of 10 mm Hg produced an increase in volume of about 
0-1 times the volume to which the artery has already been distended. For an initially uncontracted 
artery, the corresponding value appears to be about 0-025. The venous compliance, per unit 


volume, is thus between 7 times, and, say, 25 times as great as the arterial compliance per unit 


volume. 

From the measurements of Mall, given by Hess (1927), of the dimensions of the mesenteric 
artery and vein, and of the vessels between them, in an injected preparation from a dog, it would 
appear that the volume of the venous system is some 3 to 4 times as great as that of the arterial 
system (the division of the whole vascular bed into arterial, capillary and venous systems must, 
to some extent, be arbitrary). From the figures given by Vierordt (1893) of the dimensions of 
human arteries and veins, it would appear that the veins which drain a given organ or part of the 
body have a cross-sectional area some 1-5-8 times as great as that of the arteries supplying that 
organ or part. As a first approximation, then, it would appear that the volume of the venous 
system is about 3 times that of the arterial system at zero internal pressure. In the living animal, 
however, the arteries are distended by the relatively high internal pressure. The observations of 
Remington ef al. (1945) and of Remington & Hamilton (1947) show that the volume of the dog’s 
aorta increases by a factor of some 2 to 3 (depending on the particular part examined) when the 
internal pressure is raised from 0 to 120 mm Hg; and that the volume of the smaller arteries of 
the head, viscera and legs, increases by a factor of 1-2-1-3. In the living animal, then, the volume 
of the venous system may be taken to be about 1-5 times that of the arterial system, although this 
figure is subject to considerable uncertainty. 


_ We may thus conclude, with some hesitation, that the volume compliance 
of the whole venous system of an animal is some 20 times as great as that of the 
arterial system, with a possible variation by a factor of 2 in either direction; 
this may be related to the state of contraction of the arteries. In the model 
used, the venous compliance was 7 ml./cm Hg, only 3-5 times as great as the 
arterial compliance; it was thus almost certainly far too small. In those 
experiments in which the venous resistance was kept very small, however, the 
capillary compliance, of 150 ml./cm Hg, was effectively part of the venous 
compliance, which thus became somewhat excessive in relation to the arterial 
compliance. In these conditions, then, the effect of a rise in the arterial 
pressure in lowering the venous pressure, seen for example i in Fig. 4B, was 
somewhat less marked than it should have been. 

The capillary capacitance. The only measurements from which the compliance 
of the capillary system can be estimated are those of Pappenheimer & Soto- 
Rivera (1948) on isolated perfused hind-legs of cats and dogs. A sudden change 
in either the arterial or the venous pressure was accompanied by a rapid and 
reversible change in the weight of the whole leg, presumably due to a change 
in the volume of blood in the vessels. Attempts at an analysis of the relations 
between the volume changes and the pressure changes, by correcting for the 
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contributions of the arterial and venous systems, and thus deducing by 
difference, the compliance of the capillary system, lead to serious inconsistencies. 
The total compliance of the leg ‘looking into’ the arteries was about 0-5 ml./om Hg. Remington 
& Hamilton (1947) give figures from which the compliance of the arterial system alone can be 
computed, and thus the volume change in the arteries for a given change in arterial pressure. 
Knowledge of the relative values of the venous and arterial resistances, given by Pappenheimer & 
Soto-Rivera (1948), allows the pressure change in the capillaries to be calculated as a fraction of 
that in the arteries, It is thus deduced that the volume compliance of the capillaries is about 
4-5 ml./om Hg. The total compliance of the leg ‘looking into’ the veins was about 1-0 ml./cm Hg. 
If we accept the relative value of the venous and arterial compliances as just caloulated, we deduce 
that the capillary compliance is negative, which is absurd. We cannot avoid the conclusion that 
in the circumstances of these experiments, the arterial compliance of the hind-leg must be some 
3 to 4 times greater than the value assumed, and that the venous compliance is proportionately 
much smaller than the value assumed, being not more than 3 times the arterial compliance. 7 
Clearly, no reliable estimate of the capillary compliance is possible; but it 
would seem that it cannot be as great as the venous compliance, and the 
observations are, indeed, consistent with its being negligible. This does not, 
of course, mean that the volume of blood in the capillaries is necessarily 
constant in all circumstances. If the magnitude of the capacitance which lies 
between the arteriolar and venular resistances is indeed independent of the 
pressure within it, the behaviour of the circulatory system of a living animal 
over short periods of time (seconds, rather than minutes) should correspond 
more with that of a. model without venular resistance than to one with venular 
resistance; the venular resistance becomes effectively part of the arteriolar 
resistance. 
The compliance of the interstitial spaces. The observations of Pappenheimer & 
Soto-Rivera (1948) show that the rapid changes in weight of the isolated 
perfused hind-leg, produced by a change in arterial or venous pressure, is 
followed by a slower change which proceeds at a sensibly constant rate over 
a period of several minutes. This would suggest that the compliance of the 
interstitial spaces, at least for relatively small changes in volume, is very large, 
approaching infinity. The compliance of the interstitial spaces of the human 
forearm appears also to be large for small changes in volume (Krogh, Landis & 
Turner, 1932). It must, of course, become finite, and eventually zero, when 
the volume of fluid lost or gained becomes sufficiently large, as indeed is 
indicated by experimental observations, both in the dog’s hind-leg and in the 
human forearm. In the model used, the ‘interstitial fluid’ reservoir had a 
compliance of 220 ml./em Hg, so that the ratio of the compliance of the 
combined interstitial fluid and capillary system, to that of the venous system 
was 53. In conditions which do not involve large exchanges of fluid between 
the blood vessels and the interstitial spaces, and over long periods of time, the 
behaviour of the circulatory system of a living animal would seem to be 
reasonably well represented by the behaviour of the model when the venular 
resistance and interstitial fluid reservoir are both included. 
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From the observations recorded in this paper, it is clear that the effect of 


changing the arteriolar resistance on the magnitude of the venous pressure, 
and thus on the diastolic volume and work of the heart, will depend on the 
relation between the magnitude of the combined capillary and interstitial fluid 
compliance and that of the venous compliance, the presence of some venular 
resistance being taken for granted. When we remember that in the whole 
living animal, not only the arteriolar resistance, but also the capillary 


capacitance, the venular resistance, the venous capacitance and the hydraulic 


power output for a given diastolic volume of the heart, may all be under the 
control of the vasomotor system, it is only to be expected that the consequences 
of a given experimental procedure—such as blocking or stimulating the nerves 
from the baroceptors—should vary with the state of the circulation as a whole, 
and the nature and depth of anaesthesia, to mention only the most obvious 
factors. The literature, indeed, abounds with apparently discordant 
observations. 
SUMMARY 

1, A mechanical pump is described which obeys the ‘Law of the Heart’. 
The essential features are: (a) the working cylinder, or flexible-walled bag, is 
not actively expanded during ‘diastole’; (b) a spring, or other elastic system, 
is interposed between the power-driven cam, or other operating mechanism, and 
the piston, or the plate which compresses the bag. 

2. The relations between diastolic volume, hydraulic work, and energy 
consumption, shown by the heart, are not accurately reproduced by the pump, 
nor would this be expected theoretically; the properties of the ‘contractile 
element’ of cardiac muscle are substantially different from those of the 
operating mechanism of the pump. 

3. The behaviour of such a pump when incorporated in a model of the 
circulation has been studied, with particular reference to the stabilizing action 
of the presence of a resistance to flow in the venous system, between the 
‘capillary’ fluid reservoir and the pump. 

4. The importance of ensuring that in models of the heart and circulation 
the various components are in the correct proportions is discussed. Attempts 
have been made to estimate the magnitudes of the various quantities con- 
cerned, but the available information on the mammalian circulatory system 
is inadequate, and the estimates cannot be considered reliable. 


APPENDIX 
by the pump 
8d, be the diastolic volume; ad, be the systolic 
volume; and 8dy (=8(dp -dg)) be the output per stroke, Let P be the force exerted by the ‘series’ 
spring when compressed by a distance J. Then cP =, ee ee If 
p is the pressure within the cylinder at any moment, eich 
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When the pressure within the cylinder remains zero throughout the period of systole, and the 
series Spring remains uncompressed, the piston, at the end of systole, will reach some point 
distant d, from the end of the cylinder. Thus, in these conditions, d,—d,. Suppose now that the 
diastolic volume remains unchanged, but that at the beginning of ejection the pressure within the 
cylinder is p. The series spring must therefore have been compressed through a distance | such that 
1=cP=cps. For simplicity we will assume that the pressure within the cylinder remains constant 
during the ejection period, so that the amount of compression of the series spring also remains 
constant. (Actually, it is likely that the pressure is initially somewhat higher than the pressure 
against which fluid is to be ejected owing to the necessity for accelerating the mass of fluid within 


. the cylinder: it is also likely to be higher at the end of ejection—though not necessarily by the 


same amount-—owing to the increased volume of fluid contained in the arterial capacitance.) 
At the end of systole, the piston will have travelled a shorter distance along the cylinder than 
before, since part of the lift of the cam has been used in compressing the spring: it will thus reach 
a point distant (d, +1) from the end of the cylinder, and this multiplied by s will be the new systolic 
volume. Since the value of d,; depends only on the way in which the pump is assembled, it may be 
neglected, and we can write: 


d,g=l=cps, (1) 
If the output of the pump per stroke is sd, the diastolic volume will be given by: 
8d p = + ds) = + cps). (2) 
The work done per stroke (neglecting the kinetic energy factor) is given by 
W =sdop. (3) 
Inserting (2) and eliminating dy, we get : 
W =ps (dp —cps). 4 
Alternatively, eliminating p, we get 
W = (dp—dy). (5) 


Thus the work done per stroke increases linearly with the diastolic volume when either the 
pressure, or the output, is kept constant: but the two straight lines obtained by plotting work 
against diastolic volume will have different slopes and different intercepts on the axes, depending 


on the particular values of output, or pressure, respectively, at which the measurements are made. 


The line for any particular value of constant output, dg, will be identical with that for a particular 
value of constant pressure, p, defined by the relation: 
do =cps. (6) 
The energy taken from the driving motor is determined by the sum of the work done in com- 
pressing the series spring (which is dissipated at the onset of diastole) and the work done in ejecting 
fluid from the cylinder. Thus 


Pdl + psdo, 
on, frome {1}, 2dgdo). (7) 
This may be written as 
(dp +dp), (8) 


indicating that if the pressure is kept constant, the energy consumed per stroke increases linearly 
with the diastolic volume. 
Alternatively, equation (7) may be put in the form 
| E = +4)/2c, (9) 
indicating that if the output is kept constant, the energy consumed per stroke is proportional to 
the square of the diastolic volume. 
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The behaviour of the heart may be expected to be different from that of the pump for many 
reasons, The relation between p, the internal pressure, and P, the tension in the muscle fibres, will 
be complicated by the fact that the fibres are situated in the walls of a hollow organ, of complicated 
shape. The curvature of these walls will depend, probably in a complicated way, on the internal 
volume of the heart; and the volume compliance of the series elastic element, cs, will be a function 


of the diastolic volume, and thus of the output, d, and the pressure, p. If this is so, the relation 


given by equation (6) might be consistent with there being a moderately wide range of outputs 
and pressures over which the relation between hydraulic work and diastolic volume is sensibly 
independent of the precise value of output or pressure, respectively. The fundamental equation 
for the energy consumption, moreover, is likely to be very different from that given above for the 
pump. Apart from any other considerations, it would seem probable that the heat of activation 
and the heat of shortening would have to be included, as well as the energy necessary to change 
the length of the series elastic element and to perform the external work (Hill, 1949). 
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CARBON DIOXIDE AND CONTROL OF RESPIRATION 
DURING HYPOTHERMIA 
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From the Department of Physiology, St Mary’s Hospital Medical School and 
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When the temperature of the non-hibernating mammal is artificially reduced, 
there is generally a fall in the pH of its arterial blood (Hegnauer & Penrod, 
1950; Swan, Zeavin, Holmes & Montgomery, 1953; Fleming, 1954; Osborn, 
1953). It has been suggested that this increase in hydrogen-ion concentration 
may be one of the causes of an observed tendency to ventricular fibrillation, 
but conclusive evidence on this point is lacking. Since hypothermia is proving 
increasingly useful in surgery it seemed important to beaidoce, op the changes 
in hydrogen-ion concentration further. 


METHODS 


Twenty-two adult mongrel dogs, weighing from 15-6 to 28-1 kg were used. All were premedicated 
with morphine 10 mg and atropine 0-6 mg subcutaneously, 30 min before the experiment began. 
Anaesthesia was induced by intravenous thiopentone sodium, 25-30 mg/kg and maintained by 
intermittent injection of small doses (0-5-2 mg/kg). This anaesthetic was used because it permitted 
observation of the animals in a state of light anaesthesia before and after cooling, while allowing 
fairly deep anaesthesia during the actual cooling period, which largely inhibited shivering. On the 
other hand, its disadvantage was that it was not possible to be sure that the same depth of anaes- 
thesia was maintained before and after cooling. Depth of anaesthesia was judged largely by 
observation of superficial reflexes; on this assessment, all animals were considered to be in a com- 
parable state of light anaesthesia, before and after cooling. A cuffed endotracheal tube was intro- 
duced in each case, and cooling was accomplished by using an extracorporeal cooling coil (Ross, 
1954). Blood from the femoral artery was led through a coil immersed in a cooling fluid at 
~3 to 0° C, and returned to the circulation throngh the femoral vein. Using this method, the 
body temperature could be reduced to about 26° C in from 50 to 140 min. The animal’s temperature 
was recorded with a mercury thermometer inserted 5-10 cm into the rectum. In six dogs, expired 
air volume was measured in a 6 1. balanced spirometer, using Bailey-type celluloid mercury valves; 
the dead space of the valves and endotracheal tube was 55 ml, Blood samples were withdrawn 
from the brachial artery into oiled syringes, containing 3 drops of heparin-fluoride mixture 
(1000 units of heparin, and 40 mg sodium fluoride per ml.). Arterial blood pH was measured on 
a Cambridge pH meter, using a Stadie cell maintained at a temperature within +0-5° C of the 
animal’s rectal temperature at the time of taking the specimen. The mean difference between 
duplicates in eighty-nine determinations of pH was 0-011, s.p.+0-009 unit. The greatest single 
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difference, found on two occasions, was 0-04 unit. Arterial blood CO, content was measured 
manometrically (Van Slyke & Neill, 1924) in fifteen animals; the mean difference between duplicates 
in seventy-five estimations was 0-12, s.p.+0-11 m/l. The largest single difference, found on one 
occasion, was 0-3 mm/l. In the first seven animals whole blood CO, content was measured, and 
the plasma CQ, content calculated from the nomogram of Van Slyke & Sendroy (1928). In the 
remainder, the plasma CO, content was measured directly. The results from the two methods did 
not appear to differ materially so they have been considered together. In three dogs plasma sodium 
and potassium were estimated by flame photometry, and chloride by a potentiometric method 
(Sanderson, 1952). 

The distribution of plasma CO, as bicarbonate and dissolved CO, (calculated as carbonic acid) 
was determined, using the Henderson-Hasselbalch equation, with the pK’ correction of Cullen, 
Keeler & Robinson (1925); these authors found that the correction was the same for dog and 
human plasma, and that the pK’ increased by 0-005 for each degree centigrade fall in temperature 
of the system. Plasma carbaminoprotein has been neglected, and it has been assumed that the 
plasma CO, content is entirely made up of bicarbonate and dissolved CO,. The CO, tension at 
different temperatures was calculated from the plasma solubility of CO, as given by Dill & Forbes 
(1941). Strictly speaking calculation of CO, tension from the data obtained is dependent on the © 
maintenance of a steady plasma water content. Plasma proteins have not been measured in this 
series, but according to other authors (Swan et al. 1953) the plasma protein does not show any 
systematic trend during hypothermia, and does not alter by more than an amount indicating a 
change of plasma volume of 5%. An uncorrected change of this order would result in an error of 
less than 1% in the calculated CO, tension. 

Estimations were made during a control period, the period of cooling, and shortly thereafter. 
The rewarming period was not studied. Spontaneous ventilation was present in all animals at 
temperatures down to 25° C. 


RESULTS 


The pH and plasma CO, contents are shown in Table 1, along with the derived 
values for dissolved CO,, bicarbonate, and CO, tension, calculated as described 
above, In dogs 1-7 the arterial pH alone was measured, and in dogs 8-14 the 
plasma CO, content was obtained from the haematocrit and whole blood CO, 


content, using the nomogram of Van Slyke & Sendroy (1928). 


In Fig. 1 the pH values are plotted against rectal temperature, and the 
decrease in pH with falling temperature is obvious. From the few values 
obtained below 25° C, it appears that the pH falls more rapidly below this 
temperature, a finding which may be accounted for by the tendency for 
spontaneous respiration to cease at temperatures between 20 and 25° C. 

Fig. 2 shows the relationship between hydrogen-ion concentration and 
dissolved CO, concentration. The points indicated by closed circles were 
obtained at body temperatures above 30°C, and those indicated by open circles 
at temperatures below 30° C. The solid regression line refers to values above 
30° C, and the interrupted line to values below 30°C. The slopes and positions 
of the lines do not differ significantly. Thus rises in hydrogen-ion concentration 
are associated with increases in the amount of dissolved CO, in plasma, and the 
relationship does not change significantly over the temperature range studied. 

In Fig. 3 the concentration of dissolved CO, is plotted against tempera- 
ture. There is an inverse relationship, which may, for practical purposes, be 
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TaBie 1, Arterial pH and total plasma CO, values in all dogs, with derived values for dissolved 
CO,, bicarbonate, and CO, tension. In dogs 1-7 pH alone was measured, and in dogs 8-14 
whole blood CO, was measured, 


Slyke & Sendroy (1928) 
Dog 1: 38°5° C, 7-38; 32-6° C, 7-34; 27-6° C, 7-29. 
Dog 2: 38-0° C, 7:38; 29-8° C, 7-30; 25-4° C, 7-225. 
Dog 3: 38-5° C, 7-37; 27-5° C, 7-285; 23° C, 6-93. 
Dog 4: 36-5° C, 7-40; 23-4° C, 7-09; 24-7° C, 7-175. 
Dog 5: 36°7° C, 7-365; 25°7° C, 7-28; 22-5° C, 7-07. 
Dog 6; 37-1° C, 7:395; 34-5° C, 7-38; 27-2° C, 7-28; 24-2° C, 
Dog 7: 374° C, 7-375; 29-1° C, 7:22; 23-0° C, 7-05; 24-6° C, 
lved 
Rectal temp. Plasma CO 
Dog °0) pH 
36-0 7:30 29 1-79 
| 26-5 7-235 27-1 2-10 
9 36-7 7-365 26-5 . 1-41 
25-0 7:28 29-0 2-06 
10 38-0 7:365 28-8 1-49 
25-1 7-25 29-1 2-29 
ll 36-5 7365 25-5 1-34 
29-0 7:30 26-0 1-70 
25-2 7-19 23-4 2-02 
12 38-1 7-395 26-2 1-26 
25-2 7-24 24-8 1-93 
13 36-5 7-365 25-5 1-31 
27-0 27:3 2-12 
14 39-0 7-375 23-3 1-18 
25-5 7-285 24-4 1-72 
15 38-5 7:26 25-2 1- 
38-5 7-285 22:3 187 
28-0 7-225 27-1 2-10 
29-0 7-19 23-2 1-91 
16 38-5 7:34 26-9 1-47 
7 25-0 7-29 25-2 1-76 
25-1 7-22 26-2 2-19 
17 38-5 7-36 26-8 1:39 
38-5 7:34 23-6 1-22 
25-0 7-265 24-8 9-99 
; 7-32 21-0 1-37 
7-355 262 1:38 
7-35 23-3 1-24 
717 27-8 2-31 
7-245 28-0 2-12 
7-255 26-2 1-93 
7-345 25-3 1-36 
7-435 22:3 0-98 
7-28 25-8 
7-30 26-6 1-76 
7-285 24-6 1-70 
7:39 26-5 1-29 
7-39 26-0 1-27 
7:20 2-00 
7-24 27-4 2-08 
7:27 25:3 1-84 
7-355 22-9 1-20 
7-35 20-3 1-08 
711 23-0 2-32 
7-195 23-3 1-96 
7-31 27-5 1-58 
731 26-0 1-49 
7:23 26-8 2-07 
7-215 24-5 195 


7-215. 
7-235. 
BHCO, CO, tension 

(mm Hs) 
27-2 56-5 
25-0 52-3 
25-1 45-8 
26-9 48-5 
27:3 49-5 
26-9 52-1 
24-2 44-2 
24-3 45-0 
21-4 47-5 
24-9 42-0 
22-9 45-5 
24-2 43-5 
25-2 53-0 
22-1 39-2 
22-7 40-7 
23-6 53-5 
20-9 45-5 
24-9 
21:3 
25-4 48-8 
23-4 41-6 
24-0 52-0 
25-4 46-3 
22-4 40-6 
22-6 52-8 
19-6 
24:8 45-7 
21:1 41:3 

25-5 66-0 
25-9 51-5 
24-3 48-0 
23-9 45:2 
21:3 33-6 
24-1 47-5 
24:8 45-2 
22-9 42-0 
25-2 43-0 
24-7 42-2 
23-5 57-0 
25-3 50-5 
23-5 44-9 
21-7 40-0 
19:2 36-0 
20-7 56-5 
21:3 47-7 
25-9 51-6 
24-5 48-7 
24-7 51-7 
22-5 49-0 
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Fig. 1. Relation between arterial blood pH and temperature. 
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Fig. 2. Relationship between arterial hydrogen-ion concentration and concentration of dissolved 
CO, measured as H,CO,. Closed circles represent values obtained at temperatures above 
30° C, and open circles values obtained below 30°C. The respective regression lines are 


represented by the solid and interrupted lines. ; 
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considered as linear, between these two variables, at temperatures down to 
25° O (r= —0-812, P<0-001). It is seen that the mean concentration of 
dissolved CO, rises by 0-68 mm/l., or 50% of its control value, between 38 and 
25° C. In this figure the interrupted line indicates the concentration of dis- 
solved CO, which would be expected at different temperatures under a steady 
tension of 45 mm Hg (Dill & Forbes, 1941). This line bears a similar slope to 
that of the calculated regression line, so that when CO, tensions are calculated 


aor 
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Fig. 3. Relationship between dissolved CO, concentration and temperature. The interrupted line 
indicates the theoretical concentration of dissolved CO, at a constant tension of 45 mm Hg 
(Dill & Forbes, 1941). 


and plotted against temperature it is found (Fig. 4) that the relationship only 
just reaches the 5% significance level (r= —0-275, P=0-05). The mean CO, 
tension increases by 5-3 mm Hg, or 12% of its control value, between 38 and 
25° C, This suggests that in these animals the CO, tension was maintained at 
a more steady level than the hydrogen-ion concentration or concentration of 
dissolved COQ,. 

As pH is dependent on the concentration of dissolved hydrated CO,, this 
means that the CO, tension must be decreased if the pH is to be maintained 
at a steady level. In this series it would have been necessary to reduce 
alveolar CO, tension from a mean value of 46-5 mm Hg at 38° C to 33-5 mm Hg 
at 25° C, if the concentration of dissolved CO, was to be kept steady. 
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The minute volume of respiration during spontaneous breathing was 
measured in six dogs at normal and reduced temperatures. The mean of 
thirteen observations at normal temperature was 4640, s.z.+371, ml./min 
(prPs). The mean of fourteen observations at temperatures of 25-27° C was 
2150, 8.£. + 359, ml./min. The mean minute volume thus decreased to 46% of 
its value at normal temperature. Oxygen uptake was not measured, and it is 
difficult to compare the change in minute volume in this series, with changes 
in oxygen uptake in other reported series (Penrod, 1949; Ross, 1954) because 
of differences in anaesthesia and shivering. In the presence of slight shivering, 
as was often seen in our dogs, the oxygen uptake at 26-27° C would appear to 
be reduced to 30-50% of its value at normal temperatures. It ssi well be 
that the minute volume decreases commensurately. 
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Fig. 4. Relationship between arterial CO, tension and temperature. 


To determine whether the respiratory centre was still sensitive to CO,, the 
effect was observed on six dogs, of inhaling 6% CO, in air. The gas was given 
over periods of 5-8 min, and the minute volume of respiration during the last 
3 min of inhalation was expressed as a percentage of the mean of the control 
values before, and 5-10 min after, the inhalation. The results are shown in 
Table 2. It is seen that, although there is a slight diminution in response at 


__ low body temperatures, the difference is not significant (¢=0-695, P > 0-10). 


' The animals appeared to respond in a normal fashion to an increase in CO, 
tension, so that it could be assumed that the observed plasma values were the 
results of the action of a functioning control mechanism. 


When the plasma bicarbonate content was plotted against temperature, the 
25 PHYSIO. CXXVII 
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changes were not significantly related (r= +0-109, P > 0-10). There was, how- 
ever, a fairly typical pattern of bicarbonate change in all animals. The changes 
in six animals are shown in Fig. 5. During anaesthesia, and before cooling 
began, there was a fall of plasma bicarbonate; so far as could be determined, 
TaBLE 2, Increase in respiratory minute volume when respiring 6% CO, in air at normal and 


reduced temperatures, The increase is expressed as the percentage of the mean of the control 
values before and after inspiration of CO, 


Temperature 
36-5-38-5° C 25-27° C 
142 106 
166 144 
167 123 
136 196 
161 169 
164 169 
133 119 
123 
Mean 151-3 143-6 
Cooling 
commenced 


Plasma bicarbonate (mm™/I.) 


j 
0 60 120 180 240 


Fig. 5. Arterial plasma bicarbonate during cooling in six dogs. Vertical line shows the time at which 
cooling began, and the heavy line represents values obtained during a control experiment in 
which temperature was not reduced. The interrupted lines indicate the period of cooling. 


this was not related to the depth of anaesthesia, because there was no cor- 
responding pH rise. During cooling, the bicarbonate level rose, only to fall 
again when a steady low temperature was reached. The rise during the period 
of decreasing temperature was presumably due to the decrease of protein 
base-binding capacity, under the influence of falling temperature and pH. 
The net result was that the bicarbonate levels after cooling did not differ 
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significantly from those observed before cooling. One animal was anaes- 
thetized, and a coil was introduced between femoral artery and vein. The coil 
was immersed in water at 39° C, so that the animal’s temperature remained 
steady between 37 and 38° C. This dog showed a steady fall of bicarbonate 
throughout the procedure, as is indicated in Fig. 5 by the heavy line. A fall 
in alkali reserve during anaesthesia has been previously described (Reimann & 
Bloom, 1918; Ronzoni, Koechig & Eaton, 1924), and we have no evidence that 
cooling accentuates the process; it may well be that a considerable metabolic 
acidosis develops during rewarming, when protein base-binding capacity 
increases, and shivering may take place. 

In three animals in which they were followed, plasma sodium and potassium 


levels showed no significant change. There was a slight increase of up to 


2 m-equiv/l. in plasma chloride in two of the dogs, and no change in the third. 
Thus, assuming little change in the calcium or magnesium levels, the un- 
measured anion fraction tended to fall in these three animals, but the change 


- was small, and it seems reasonable to assume that there was no significant 


degree of metabolic acidosis or alkalosis which might vitiate the conclusions 
drawn from the CO, tensions. 


DISCUSSION 


The findings reported here show that the body tends to maintain a constant 
tension of carbon dioxide in arterial blood, although the concentration of 
dissolved carbon dioxide increases considerably during cooling. The respiratory 
response to inspiration of 6% CO, indicates that this is not simply a fortuitous 
manifestation of failure of the respiratory centre. 

It was established many years ago (Haldane & Priestley, 1905) that an 
increase in the tension of carbon dioxide in inspired air resulted in stimulation 
of respiration. The exact mode of action of carbon dioxide in stimulating 
respiration has been the subject of considerable speculation and controversy. 
It was considered (Haldane, 1922; Banus, Corman, Perlo & Popkin, 1944) that 
increase in arterial CO, tension led to an increase in the concentration of 
arterial carbonic acid, and that this affected respiration by altering pH. This 
hypothesis was challenged by Nielsen (1936) on the grounds that the respiratory 
response to a given arterial pH change induced by ammonium chloride was 
considerably smaller than the response to a smaller pH change produced by 
carbon dioxide. This view was supported by Schmidt & Comroe (1941). 

Although it is possible to follow changes in extracellular fluid composition 
with a fair degree of accuracy, very little is known about the state of affairs 
within the cells, where the ultimate response may be determined. This 
investigation supports the view that, as far as extracellular fluid is concerned, 
CO, tension is the factor controlling respiration, rather than pH or concentra- 


tion of dissolved CO,. This does not prove that there is a stimulating effect 
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specific to carbon dioxide, as it has been suggested that the extracellular CO, — 


tension represents the force tending to retain CO, in the cells, where its hydra- 
tion as carbonic acid is responsible for respiratory stimulation. Under normal 
circumstances this is true, as the CO, tension bears a fixed relationship to the 
amount of CO, in solution, and the concentration gradient of dissolved CO, 
controls its movement out of cells. When the body temperature is reduced, 
a greater amount of CO, is dissolved at the same tension, in extracellular fluid, 
and it appears reasonable to assume that the same thing happens within the 
cells. If this is so, and if CO, within cells behaves in the same way as extra- 
cellular CO,, with respect to hydration, then it seems unlikely that change of 
intracellular pH, as a result of increasing concentration of CO,, plays a large 
part in the control of respiration. If it did so, one would expect respiratory 
stimulation to occur when the CO, concentration began to rise; as a result of 
this the extracellular CO, tension should tend to fall, as the temperature 
decreases. The mechanism for control of respiration appears to be intact, 
because the animal responds to increasing the content of COQ, in the inspired | 
air. For the same reason, it is unlikely that there is any interference with the 
passage of CO, across cell membranes at low temperatures, or with its hydra- 
tion within cells. It appears, therefore, that CO, has a specific property of 
stimulating respiration, and that this property is in some way bound up with 
the tension of the gas in solution. Because of this, a ‘respiratory’ acidosis with 
decreasing temperature is inevitable, as the dissolved CO, concentration in 
plasma is bound to increase, if CO, tension is kept steady. If the arterial pH 
must be kept at a normal level, ventilation must:be increased to such an extent 
as to reduce the tension of CO, in alveolar air and arterial blood. 


SUMMARY 


1. Arterial blood pH and carbon dioxide content were followed in anaes- 
thetized dogs in which hypothermia was induced by blood stream cooling. 
A fall in pH with decreasing temperature was observed. This change was shown 
to be due to retention of carbon dioxide. The carbon dioxide tension showed 
only a very slight tendency to rise, the fall in pH being largely owing to in- 
creased solubility of carbon dioxide at low temperatures. : 
_ 2. Inhalation of carbon dioxide in air produced a similar aeerretery 
response in animals at normal and reduced temperatures. _ 

3. It is suggested that carbon dioxide has a specific effect, independent of 


pH, in controlling respiration, and that this effect is associated with its tension 
rather than with its concentration in solution. 


_ We are grateful to Dr K. W. Cross for much valuable advice and assistance. 
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THE EFFECTS OF SOME GONADAL HORMONES ON 
THYROID ACTIVITY IN THE RABBIT : 


By K. BROWN-GRANT 


From the re of Neuroendocrinology, Maudsley Hospital, : 
London, 8.E.5 


(Received 11 August 1954) 


The interrelationship of the thyroid gland and the gonads has been recognized 
for many years by clinical endocrinologists, but the experimental study of their 
interaction has not kept pace with clinical observation. In recent years, the 
effect of altered thyroid function on reproductive performance has been 
extensively investigated (see review by Magqsood, 1952), but the possible 
influence of variations in gonadal function on thyroid activity is less well 
understood. This paper is concerned with one aspect of the problem—the 
influence of various gonadal hormones on thyroid activity. 


MATERIALS AND METHODS 


Young adult male and female rabbits of mixed breeds (32-05 kg body wt.) were used, The 
majority were Chinchilla rabbits. The animals were kept in a temp trolled animal room 
at 28° C and fed a pellet diet (M.R.C. diet no. 18) and tap water ad lib. All females were isolated 
for at least 3 weeks after arrival before any experiments were begun so as to exclude any pregnant 
or pseudo-pregnant animals. 

Thyroid activity was studied by means of the ‘release curve’ technique previously described 
(Brown-Grant, von Euler, Harris & Reichlin, 1954). Starting 48 hr after a subcutaneous injection 
of a tracer dose of carrier-free radio-iodine, twice daily counts were made over the thyroid region 
in the unanaesthetized animal. After correction for isotope decay, these counts, expressed as a 
percentage of the counting rate at 0 hr (48 hr after injection) were plotted semi-logarithmically 
against time yielding a straight line whose slope represents the rate of release of ™*I-labelled 
thyroid hormone from the gland. Following a preliminary control period, the effect of injections 
of various gonadal hormones on the rate of release can be studied. After a period of hormone 
treatment, a further period of control observations completed the experiment. The dose of radio- 
iodine used in most experiments was 3 uc. For some of the longer experiments on the effects of 
treatment with various combinations of hormones a dose of 6 uc was used, For further details of 
the method and apparatus, the paper referred to above should be consulted, 

The following hormones were used in these experiments; all were administered by subcutaneous 
injection in a single daily dose. Actual doses are given in the relevant sections of the text. Stilb- 
oestrol, 1 or 5 mg/ml.; hexoestrol, 5 mg/ml.; progesterone, 2 or 5 mg/ml. (British Drug Houses) ; 
testosterone propionate, 5 mg/ml.; oestradiol monobenzoate, 1 mg/ml.; oestrone, 1 mg/ml.; 
deoxycorticosterone acetate, 5 mg/ml., and cortisone acetate, 5 mg/ml. (Organon Laboratories). 


iv 
¥ 
fr... 
‘a 
iy 
on 
“3 


GONADAL HORMONES AND THYROID ACTIVITY 391 
One ml. of the oily vehicle used in the preparation of the stilboestrol supplied by British Drug 
Houses was injected in control experiments. Thyroxine (synthetic sodium L-thyroxine, ‘Eltroxin’, 
Glaxo) was injected subcutaneously in 50 yg doses in suspension in 0-9 % NaCl solution on alternate 
days. Thyrotrophic hormone (Armour Laboratories Ltd., Lot no. R377 157) was dissolved in 


09% NaCl solution immediately before use and injected subcutaneously in doses of 200 Bg 
U.S.P, equivalent. 


The anaesthetic for the operations of ovariectomy and orchidectomy was intravenous pento- 
barbitone sodium (Nembutal). 


RESULTS 

Oestrogenic compounds 
The effects of two synthetic (stilboestrol and hexoestrol) and two naturally 
occurring oestrogens (oestrone and oestradiol) were investigated. In all but 
two cases in forty-two experiments in normal and gonadectomized male and 
female rabbits the effect of injections of these compounds was to produce a 
prompt decrease and in many cases a complete inhibition of the release of 
thyroidal }*4J. One experiment is shown in Fig. 1. The duration of the in- 
hibitory action was estimated from the horizontal distance between the lines 
representing the slopes of the release curves in the preceding and subsequent 
control periods. Where the inhibition was not complete (reduction to a rate of 
1%/day or less) the duration of partial inhibition was expressed as the 
equivalent duration in hours of complete inhibition. 

Table 1 shows the results of forty-two experiments of this type. The drugs 
were given in a single subcutaneous injection in each case. 

The duration of the inhibition, which was established within a few hours, 
varied with the dose administered, the compound administered and the type 
of animal. Summarizing the results shown in Table 1 of forty-two experiments 
in twenty-three animals, stilboestrol, hexoestrol and oestradiol are roughly 
equipotent, while oestrone is rather less effective in this respect as judged by the 
effect of a 1 mg dose in normal female rabbits. The effect of varying doses of 
stilboestrol in normal females shows that 5 mg doses produce a more sustained 
inhibition than 1 mg doses. In comparing male and female rabbits and 
normal and gonadectomized animals, there is no striking difference in 
the response to 1 mg doses of stilboestrol or oestradiol between normal and 
spayed females, between normal and castrate males or between male and 
female rabbits. 

Progesterone 

The effect of progesterone on the rate of release of thyroidal radio-iodine 
was investigated in eighteen experiments in fourteen rabbits. In preliminary 
experiments on intact does, 1 mg/day for 3 days (2 expts.), 1 mg/day for 
4 days (1 expt.), 2 mg/day for 2 days (1 expt.), 2 mg/day for 3 days (1 expt.) 


ora single injection of 5 mg had no effect on the rate of release. In two experi- 


ments (1 mg/day for 3 days and 2 mg/day for 2 days) there was a reduction in 
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1 mg oestrone 


Rabbit K 47 
3c, 9. ii. 54 


50 
| | 
0 50 100 150 
Hours 


Fia. 1. The effect of a single injection of 1 ch in 
a normal female rabbit. The inhibition in this case was only partial. The method of determining 


the duration of action in terms of hours of complete inhibition is shown. 


TaBLE 1. The effects of injections of oestrogenic compounds in normal and castrate male and 
female rabbits as hours of complete inhibition produced. (P) indicates experiments in which 
inhibition was incomplete but the results are given as the equivalent duration of complete 


inhibition 
Compound Normal Ovariectomized Normal 
Stilboestrol 
5 mg 60, 140, 130 70 35 
2-5 mg 70 (P) — — 
1 mg 26, 25, 32, 33 22 (P), 55, 18 20 (P), 40 (P), 23 
500 pg 18 (P) — — 
Hexoestrol 7 


Castrate 
3 


-ve, 28, 28 


47, 26 (P), 60 (P),24 58,28,24(P) -ve, 28 (P), 24 (P), 28 
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the rate of release from 20% /day to 15%/day in one case and from 15°%/day — 
to 12%/day in the other. 

The dosage finally adopted was 5 mg/day for 3 days; this dose had no effect 
on the rate of release of two normal and three ovariectomized does, or on two 
normal and two castrate males. One castrate male showed a reduction in the 
rate of release from 32 to 27%/day which persisted throughout the period of — 
injections and for 72 hr after the last injection. 


Testosterone 


Fifteen experiments were performed on fourteen rabbits. In one experi- 
ment, on a normal doe, injection of 1, 2-5 and 5 mg at 2-day intervals had no 
effect on the rate of release. In all the other experiments 5 mg/day for 3 days 
was the dose employed. No effect was seen in twelve experiments (four intact 
does, three ovariectomized does, two intact males and three castrate males). 
In the other two experiments, one doe showed reduction (from 30 to 18%/day) 
in the rate of release which persisted for 70 hr after the final injection, and one 
male rabbit showed an acceleration (from 10 to 15%/day) which lasted for 
68 hr after the final injection. 


Control experiments 


Control éépetisnenta were carried out in which 1 ml. of the oily vehicle used 
in the preparation of the stilboestrol injections was administered daily for 
3 days. In three normal and two ovariectomized does, one normal and three 
castrate males, no effect on the rate of release of radio-iodine from the thyroid 
was seen following these control injections. 


| The effect of various combinations of hormones 

The results so far described seem to indicate that progesterone and testo- 
sterone in the dosage employed have no significant effect on the thyroid 
activity of the rabbit under the conditions of these experiments, whereas the 
oestrogenic compounds studied showed a uniformly inhibitory action. The 
possibility, however, exists that progesterone or testosterone might be capable 
of modifying the effect of oestrogens on olga activity and this possibility 
was investigated in the following way. 

After an injection of 3 or sometimes 6c of 1*1I a ‘release curve’ was begun 
in the usual way. Following a control period, daily injections of 500 or 1000 ug 
of stilboestrol were begun, resulting in a marked decrease in the rate of release, 
usually to 1%/day or less from initial rates of between 10 and 30%/day. After 
3-or more days, when the reduced rate of release was clearly established, 
additional injections of 5 mg of progesterone or testosterone per day for 3 days 
were begun. These injections were usually given in the evening, the stilboestrol 
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being injected each morning as before; after 3 days the animals reverted to 
treatment with stilboestrol alone. 

The result of one such experiment is shown in Fig. 2; the addition of pro- 
gesterone to the stilboestrol treatment resulted in a marked, though temporary, 
reversal of the inhibitory action of stilboestrol. Table 2 shows the results of 
eleven experiments of this type in intact female rabbits. The results were 
expressed in the following manner. The predicted drop in thyroidal **I content 
over the period from the first injection of progesterone or testosterone to 24 hr 


Rabbit K 26 
20. xii. 


< 
<n 


30 
190 250 350 400 
Hours 
Fig. 2. The effect of progesterone (5 mg/day for 3 days) in reversing the inhibitory effect of stilb- 
oestrol treatment. S, injection of 500yug of stilboestrol; P, injection of 5 mg of 
progesterone. 


TaBLE 2. The effect of additional hormone treatment on the rate of release of thyroidal "I in 
stilboestrol-inhibited normal female rabbits. Results expressed as described in text — 


Progesterone mg/da T 5 ing/da 
5 y _ Testosterone, y 
(ug) for 3 days for 3 days 
500 7-0, 10-0, 8-0 : — 
1000 3-0, 1-0, 1-0, 10-0 1-0, 1-0, 1-0, 1-0 


after the third injection was estimated from the graph. This value was taken 
as one. The decrease in I content which actually occurred over this period 
was next determined from the graph. The ratio of the observed to the pre- 
dicted fall was then calculated and this value was used in expressing the results. 
Thus a result of ten indicates a tenfold increase in the rate of release over the 
72 hr period of additional treatment and a result of one indicates that the 
additional treatment had no effect on the rate of release. 

In seven experiments on seven normal female rabbits, progesterone increased 
the rate of release in five cases by between three- and tenfold and had no 


ae 
irr: 
Vi 
a 
way 
* 
4 60 
‘ 
~ ~ — 
J 
3 J 
e 
~ 
~ 
al 
ay 
Ps, 
3 


GONADAL HORMONES AND THYROID ACTIVITY 395 


accelerating effect in the other two. Testosterone had no effect in four experi- 
ments in four animals, In one ovariectomized rabbit, progesterone produced 
an acceleration of 8-0; testosterone had no effect in one case and produced an 
acceleration ( x 4-5) in another case. One normal male rabbit showed no effect 
(1-0) with testosterone and a second animal showed an acceleration ( x 15-0) in 
the rate of release following treatment with progesterone. 

In view of the possibility (see discussion) that these doses of stilboestrol are 
effective in inhibiting the release of thyroidal ‘I because of a non-specific 
‘stressing’ effect, and because of the ‘corticoid ’-like activity of the progesterone 
which was found to reverse this inhibition, the effect of cortisone acetate 
and deoxycorticosterone acetate on stilboestrol inhibition of the rabbit thyroid 
was investigated. The experimental technique and the method of expressing 
the results were the same as those used in the experiments described above. 

In one normal female rabbit 0-5 mg DOCA a day for 2 days, 1-0 mg/day for 
2 days and 5:0 mg/day for 2 days had no effect on the inhibition. In five 
further normal does 5-0 mg/day for 3 days had no effect. 

Cortisone in doses of 1 or 2 mg/day (in two doses) for 2 days had no 0 effect 
in two normal does and produced an acceleration in another two animals 
(9-0 and 10-0); 1-0 mg produced no further acceleration than did 0-5 mg/day 
in these two experiments. 

Summarizing the results of this type of experiment, testosterone 5 mg/day 
for 3 days was not effective in reversing the stilboestrol inhibition; nor was 
deoxycorticosterone 5 mg/day for 3 days. Progesterone 5 mg/day was able to 
reverse the inhibition of release of thyroidal 1*4I produced by stilboestrol in 
five out of seven experiments and cortisone was effective in two of four 
experiments. | 

The mechanism of oestrogenic inhibition 

Within the limits of a single release curve, the rate of release of thyroidal 
radio-iodine in the rabbit is a very direct and sensitive index of thyroid activity. 
It is independent of variations in renal handling of iodide and the influence of 
alterations in the degree of reaccumulation of ™I from degraded thyroid 
hormone on the slope of the release curve is negligible (Brown-Grant, von 
Euler, Harris & Reichlin, 1954). 

The two most probable mechanisms for the inhibition of the release by 
oestrogens are: (1) inhibition of the secretion of TSH by the anterior pituitary ; 
(2) a direct action on the thyroid gland to alter its response to TSH. The 
second of these hypotheses was tested in the following way in seven experi- 
ments on seven rabbits. At the time of the first neck count of the release curve, 
the rabbits were injected with 50ug of Na-t-thyroxine subcutaneously, and 
these injections were continued at 48 hr intervals throughout the experiment. 
The inhibition of endogenous TSH secretion by the thyroxine injections 
resulted in a flat (<1°%/day) release curve. 
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The thyroid gland is still capable of responding to exogenous TSH however, 
and the sensitivity of the thyroid is not significantly altered by such doses of 
thyroxine (Reichlin, 1954). After an initial control period, the animals were 
given a single subcutaneous injection of 200ug U.S.P. equivalent of freshly 
prepared TSH. The result was a prompt discharge of **I from the gland; the 
duration of the effect was about 18 hr and was followed by a return to the 
previous slow rate of release. After 2 or 3 days, treatment with oestrogen was 
begun. In six experiments, 5 mg of stilboestrol were injected 24 hr and again 
6 hr before a second 200g dose of TSH. In the seventh experiment, 1 mg of 


Rabbit K 72 
3c, 6.v. 54 
T T T T 
| TSH 200pg | | 
% | 
- --- 
12:3% fall 
146% fall 
0 100 200 250 


Hours 


Fig. 3. The effect of 200 ng TSH with and without oestrogen treatment on the ™I content of 
the thyroid gland of the thyroxine-treated rabbit. 7' indicates injection of 50 ug thyroxine. 
S indicates injection of 5 mg of stilboestrol. 


oestradiol was injected 36, 24 and 6 hr before the second dose of TSH. The 
second dose of TSH again produced a prompt discharge of radio-iodine from 
the thyroid. The experiment was continued for a further 2-3 days to enable 
the second discharge of I to be accurately determined. The results of the 
experiment were calculated as follows. From the graph, the fall in I content 
produced by each injection of TSH was determined and expressed as a per- 
_ centage of the gland content at the time of injection of TSH. The results of 
the seven experiments are given in Table 3; one experiment is shown in Fig. 3. 


There is no difference between the response to TSH alone and the response 
after treatment with oestrogens. 


| DISCUSSION 
At least four different oestrogenic compounds will inhibit the release of 134I- 
labelled hormone from the thyroid gland of the rabbit. Progesterone and 
testosterone in the dosage employed in these experiments have no such effect. 
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The inhibitory effect can be demonstrated in normal and gonadectomized male 
and female rabbits, The inhibitory effect of oestrogens on thyroid function as 
judged by various criteria has been established for many years. Lederer (1946) 
gives an extensive review of the earlier clinical and experimental work on this 
subject. More recently, Money, Kraintz, Fager, Kirschner & Rawson (1951) 
have found a depression in the uptake of "I by the thyroid gland of male rats _ 
treated with oestradiol, oestriol or stilboestrol. 


TaBLE 3. The response (percentage of gland content of '*4I discharged) following the injection of 
200 ng TSH with and without oestrogen treatment in seven rabbits. Six rabbits were injected 
with 5 mg of stilboestrol 24 and 6 hr before the second dose of TSH 


Percentage fall in thyroid 
Percentage fall in thyroid ™ I content after 200 
181T content after 200 ug TSH following make 
Rabbit no. | TSH alone oestrol treatment 
1 19-5 
2 15-6 12-4 
3 11-0 14-5 
4 7:4 81 
5 105 9-4 
6 12-3 146 
7* 24-2 23-4 


Average 141 14-6 
* Rabbit 7 was given 1 mg oestradiol 36, 24 and 6 hr before the second TSH injection. 


Two points seem to. be of some importance, however, beyond the simple 
demonstration of a reduction in thyroid activity. One is the mechanism by 
which the inhibition is brought about. The failure to demonstrate an alteration 
in the thyroid response to TSH even with doses greater than those necessary 
to produce an inhibition of release, coupled with the observation (Brown- 
Grant, Harris & Reichlin, 19545) that section of the pituitary stalk abolishes 
the inhibitory response to the injection of 5 mg of stilboestrol, indicates that 
the mechanism is most probably a reduction in pituitary thyrotrophic hormone 
secretion. 

The second is the possible physiological significance of these results. The 
doses of the various compounds used in this work were high. McPhail (1934) 
found that maximal uterine development in the immature (850-950 g body wt.) 
rabbit was produced by 150g of oestrone (cf. 1000ug used in this work). 
Cameron (1947) discusses the relative potencies of various oestrogens. Stilb- 
oestrol and «-oestradiol are of about the same potency (3 times that of 
oestrone), and hexoestrol at least equal to, and possibly more potent than, 
stilboestrol. The administration of these compounds in the same amount as 
oestrone would represent an even higher biological dosage. Progesterone in 
5 mg doses is also at a high level; Haskins (1940) has shown that 0-5 or 1 mg 
administered systemically is sufficient. to produce maximal endometrial 
changes in the rabbit. However, the effects of these compounds on the release 
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curves were striking; definite effects would very likely be demonstrable me 
much smaller doses and a more refined technique. 

The possibility exists that in these experiments the effective sonipounds 
were acting not by virtue of their common oestrogenic powers, but as non- 
specific stressing agents, which in general inhibit thyroid activity. It should 
be mentioned that tests of the effect of oestrogenic compounds in adrenal- 
ectomized rabbits would not enable this question to be settled, as stress- 
induced inhibition of thyroid activity can occur in the absence of the adrenals 
(Brown-Grant, Harris & Reichlin, 1954a). The more consistent reversal of the 
inhibition by progesterone than by cortisone, and the failure of testosterone 
or DOCA to produce this effect, suggest that the phenomenon is more likely 
a function of the oestrogenic potentialities of these compounds than of their 
adrenal activating powers. 

That oestrogens may possess a specific ability to reduce the secretion of 
pituitary thyrotrophic hormone is also suggested by the observations of 
Leblond, Albert & Selye (1942) who studied the effect of various steroids on 
the development of thyroidectomy cells in the rat pituitary. Only oestradiol 
and ethinyloestradiol of many gonadal and adrenal steroids studied were 
capable of preventing the appearance of these cells. 

If a depression of pituitary TSH secretion is one aspect of oestrogenic 
activity, as suggested by the work reported here, then it should be possible, 
with the newer techniques now available, to demonstrate and assess by more 
physiological methods than those used in this work the significance of ovarian 
influences upon thyroid activity. 


SUMMARY 


1. The effect of various steroids on the thyroid activity of the rabbit has 
been studied using the rate of release of *4I-labelled thyroid hormone as an 
index of thyroid activity. 

2. Oecestradiol, oestrone, stilboestrol and hexoestrol decrease thyroid activity ; 
progesterone and testosterone, in the doses employed, had no effect. 

3. Progesterone consistently reverses the thyroid inhibition produced by 
stilboestrol. Testosterone, DOCA and cortisone do not consistently produce 
this effect. 

4. Stilboestrol and oestradiol do not alter the response of the thyroid gland 
to exogenous thyrotrophic hormone; their action is probably due to a sup- 
pression of endogenous TSH secretion. 

5. The possible physiological significance of these findings is discussed. 


It is a great pleasure to acknowledge my indebtedness to Prof. G. W. Harris in whose depart- 
ment these experiments were carried out. My thanks are also due to the Medical Research Council 
for the grant of a research studentship, during the tenure of which this work was performed. 
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AFFERENT DISCHARGES IN RESPONSE TO STRETCH FROM 
THE EXTRAOCULAR MUSCLES OF THE CAT AND MONKEY 
AND THE INNERVATION OF THESE MUSCLES 


By SYBIL COOPER anp MARIANNE FILLENZ 
From the University Laboratory of Physiology, Oxford 


(Received 12 August 1954) 


Afferent discharges, similar to those from the low threshold stretch receptors 
of limb muscles, have been recorded in the peripheral fibres of the third cranial 
nerve of the goat on stretching the inferior oblique muscle (Cooper, Daniel & 
Whitteridge, 1951). These discharges probably come from the main sensory 


endings in the muscle spindles which are numerous in the goat’s extraocular — 


muscles. Muscle spindles are found in the extraocular muscles of man, the 
higher apes and in the artiodactyl branch of the ungulates (Cooper & Daniel, 
1949), but there is no knowledge of their presence in the eye muscles of other 
mammals, some of which show considerable eye movements when watching 
objects. In view of the importance of stretch receptors in limb muscles, one 
would expect to find, in the extraocular muscles of these animals, some endings 
which act as low threshold stretch receptors. Discharges from tension receptors 
are reported in the third, fourth and sixth nerves of the dog by Cardin & 
Rigotti (1947), but no records or details of the discharges are given. 

The present work is concerned with the discharges in fibres of a peripheral 
branch of the third nerve of the cat in response to stretching the inferior 
oblique muscle. A brief account of this work was given to the Physiological 
Society (Cooper & Fillenz, 1952). One similar experiment on a small monkey 
is also reported. The extraocular muscles of the cat and monkey have been 
examined histologically in an attempt to learn more about the arrangement 
of their muscle fibres and nerve endings. 


METHODS 


Cats and one mangabey monkey (2 kg) under sodium pentobarbitone were used. The nerve to the 
inferior oblique muscle was exposed by a dorsal approach through the orbit, the extraocular 
muscles being detached from the globe which was ultimately removed. The nerve was cut as close 
to the ciliary ganglion as possible and the orbit was filled with warm paraffin. A ligature on the 
inferior oblique insertion tendon was usually attached to a puller which registered a change of 
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capacity when worked by hand, or sometimes an oil dashpot puller was used which could be 
worked electrically to signal stretch and release. Slips from the side of the nerve were placed 
on silver recording electrodes. The recording was by cathode-ray tube, amplifier and camera. 
Some of the histological features of the extraocular muscles of both the cat and monkey were 
studied in specimen transverse sections taken at about 4-0 mm intervals throughout each muscle 
and stained by standard methods. Other muscles were cut longitudinally in thick frozen sections 
and stained by the Bielschowsky-Gros silver method. A cat’s rectus muscle was also embedded in 
celloidin so that the same silver method could be used on thin sections. Some nerves to the cat’s 
inferior oblique muscle were immersed in weak osmic acid, then teased and examined in glycerine. 
The results obtained in the histological work were compared with those from a considerable 
collection of mammalian extraocular muscle material obtained by one of us in the course of other 
research. | 


RESULTS 


Physiological 

The nerve to the inferior oblique muscle in the cat has a very tough and 
tightly fitting sheath which had to be removed before impulses could be 
recorded from the afferent fibres. Many slips of the third nerve gave no 
responses when we attempted to record from them, other slips gave very small 
units. In either case further cutting down sometimes gave us good units. The 
spontaneous discharges were either regular and continuous, or they were 
sporadic. Often these latter units were unaffected by any stretch or deforma- 
tion that we applied to the muscle. 

In response to stretch we were able to detect discharges of two types. In the 
first type a spontaneously discharging unit would be speeded up after a brief 
latency by even a tiny stretch. In the second type a fairly sharp stretch would 
bring in a unit after a considerable latency. 

The responses to stretch of a unit of the first type are shown in Text-fig. 1a-e. 
In Text-fig. la, 6 the muscle has a high resting tension and two different 
degrees of stretch are shown. The rate of discharge rises during the rising 
phase of the stretch, then settles to a steady rate which is well maintained 
. throughout the stretch. Immediately the release of the stretch is begun, the 
rate of discharge drops and often, as is the case with this unit, there may be 
a considerable pause before the resting discharge rate is resumed. In Text- 
fig. 1c, d the resting tension of the muscle is lower so that the resting discharge 
rate is lower. In ¢ the degree of stretch is small and is applied and released 
very slowly; this is reflected in the slow rise of the discharge rate and the 
_ lowered rate, rather than a pause, on release. In d a similar degree of stretch 
is applied and released more rapidly; the rise of the discharge rate is sharper, 
though the maximum rate only just exceeds that reached in the response 
shown in ¢, and there is a pause at the end of the stretch. In Text-fig. le 
the muscle is again at the higher resting tension, the response to a considerable 
stretch shows a maximum rate of 225 impulses/sec, the maintained rate is 
130/see and there is a pause of 240 msec during and after the release of the 
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stretch. This record was taken more than 30 min after that in Text-fig. la, 
thus showing the stability of this type of unit. 


b 


Text-fig. 1. Cat. Record of afferent impulses from a unit in a slip of the third cranial nerve during 
passive stretch of the inferior oblique muscle. Low threshold type of muscle receptor. (a) and 
(6) high resting tension of the muscle: (a) stretch applied slowly, (6) stretch applied more 
quickly; (c) and (d) lower resting tension : (c) small stretch applied and released very slowly, 
(d) small stretch applied and released more quickly; (e) record of same unit taken over 30 min 
later, resting tension of the muscle high, large stretch. Time 30 o/s; stretch signalled by con- 
denser system worked by hand. 


When the stretch was applied by hand, using the capacity change puller, 
the rising phase usually lasted at least 40 msec. The maximum rate of dis- 
charge was always reached during this phase. When using the electrically 
worked oil dashpot, the rising phase of the stretch might be complete in 
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5 msec. We were often unable to exclude a brief artifact at the end of the 
rising phase, due to the puller, and this tended to obscure the record during 
the time of the maximum rate of discharge. Such a record is shown in Text- 
fig. 2; it shows the abrupt cessation of discharge on release of the stretch. 

The maximum rate of discharge that we were able to record during the 
rising phase of the stretch was 330 impulses/sec. The rate of discharge during 
a steady stretch only fell off very slowly, even if the stretch lasted for a second 
or more. As soon as the release of stretch was begun, the unit might stop 
abruptly for a time, or discharge at a slower rate and then stop, or continue 
to discharge at rates which fell below the resting rate. This behaviour during 
and after the release of stretch depended partly on the resting tension of the 
muscle, on the duration of the stretch, on the degree of stretch, and on the 
rate of release of stretch. The longest pause recorded was just over 0-5 sec 
after a stretch which lasted 2:5 sec. | 


Text-fig. 2, Cat. Record of afferent impulses in a slip of the third cranial nerve during passive 


stretch of the inferior oblique muscle. Low threshold type of muscle receptor. Time, 50 ss 3 
stretch signalled by oil dashpot puller worked electrically. 


The endings giving the second type of response rarely discharged spon- 
taneously, and in order to excite them a strong pull on the muscle was usually 
necessary: The latencies, from the start of the stretch to the first impulse, 
varied between 50 and 250 msec. There was not that feeling of exquisite 
sensitivity associated with the first type of response. The responses to stretch 
from this second type of receptor could not be obtained repeatedly from the 
same unit as was the case with those from the first type. Text-fig. 3 shows 
a large unit which responded 240 msec after the onset of the stretch; it dis- 
charged relatively slowly and stopped midway through the release of the 
stretch without any reduction in rate. Another unit of this long latency type 
is shown in Text-fig. 4. There is a burst of ae which dies away before 
the release of the muscle. 

The responses in the afferent fibres from the monkey’s inferior oblique 
muscles were recorded during the course of some other work with Dr P. M. 
Daniel and Prof. D. Whitteridge. They were tiny muscles, and only two small 
units responding to stretch were obtained. In neither case was there any 
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resting discharge. In one case a unit could be brought in by short gentle 
stretches. One of these responses is shown in graph form in Text-fig. 6. The 
discharge begins before the end of the rising phase of the stretch, a high initial 
rate of discharge is reached, and the discharge stops as soon as the slow release 
of stretch starts. In the other case, illustrated in Text-fig. 5, the discharge 
starts after the maximum stretch is reached and stops before the end of the 


Text-fig. 3. Cat. Record of afferent impulses from a single unit in a slip of the third cranial nerve 
during passive stretch of the inferior oblique muscle. High threshold type of muscle receptor. 
Time 50 c/s; stretch signalled by condenser system worked by hand. © 


Text-fig. 4. Cat. Record of afferent impulses in a slip of the third cranial nerve during passive 
stretch of the inferior oblique muscle. High threshold type of muscle receptor. Time 50 c/s; 
onset of stretch signalled by shift of base-line. 


Text-fig. 5. Monkey. Record of afferent impulses in a slip of the third cranial nerve during passive 
stretch of the inferior oblique muscle. High threshold type of muscle receptor. Time 50 c/s; 
stretch signalled by condenser system worked by hand, 


stretch. The first unit probably represents the discharge of a low threshold 
stretch receptor, like the first type described for the cat’s inferior oblique 
muscle; the second unit may come from a high threshold stretch receptor like 
the second type described for the cat. : 


H istological 
In accounts of extraocular muscles, attention is usually focused on a region 
of motor endings near the belly of the muscle, and on the insertion tendon. 
Two diameters of muscle fibres are spoken of, and a limited number of nerve 
endings are mentioned. Many of these accounts are based on a study of the 
rabbit’s eye muscles, which, if they are compared with the limb muscles, have 
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a very rich nerve supply, but this nerve supply is relatively poor when it is 
compared with that to the eye muscles of man and of many other animals. 
The nerve supply to the cat’s eye muscles is somewhat comparable with that 
to the same muscles in the rabbit. The monkey has a very much higher 
proportion of nerve fibres to muscle fibres. Text-fig. 7 compares the outlines 
of two transverse sections of the same region of an inferior rectus muscle in 
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Text-fig. 6. Monkey. Graph of the response of a single unit in the third cranial nerve during 
passive stretch of the inferior oblique muscle. The dotted line indicates the duration of the 
stretch. Low threshold type of muscle receptor. Very low resting tension. 


the cat and in a small old-world monkey. The outlines are drawn to the same 
magnification and occupy about the same area, but the blackened portions, 
which indicate the nerve trunks, cover a much greater part of the area in the 
case of the monkey. The nerve supply is relatively still greater in man | and 

in the higher monkeys. | 

Cat. The muscle fibre diameters are found, in the cat’s eye muscles, to 
range from about 7 to 35, but all intervening diameters are found. There is 
a tendency to find small fibres on the periphery of the muscle, also at the 
ends; many large fibres are found grouped in the core of the muscle, and 
a few are seen interspersed among the smaller fibres in the periphery and near 
the origin. 

The nerves approach the muscles on the inner aspect, between the ninecien 
and the globe, except in the case of the inferior oblique muscle. When the 
nerve trunks enter the muscles some of the fibres fan out in the direction of 
the insertion tendon and many are distributed to the rather wide and scattered 
region of true motor end-plates. These are large nerve fibres and they usually 
branch and branch again in a short distance before terminating in motor 
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endings on adjacent muscle fibres. Two of these endings from a single nerve 
fibre may sometimes be seen on the same muscle fibre (Pl. 1, fig. 1). The band 
of motor endings may have a width of about 1 cm in a fixed muscle 2 cm long. 

Nerve trunks make their way to the richly innervated insertion end with 
its tendon organs and other endings, but the tendon of origin has an equally 
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Text-fig. 7. Outline tracings of photomicrographs of transverse sections of the inferior rectus 
muscles of the cat and a small monkey. Both at the same degree of magnification, and taken 
close tothe entry of the nerves. The blackened areas indicate the cross-sections of nerve trunks ; 
the cross-hatched peripheral borders indicate the areas of small diameter muscle fibres. 
(a) Cat. Note the small number of big nerve trunks. (6) Monkey. There are many large nerve 

trunks, 


rich nerve supply; small nerve trunks change their direction completely on 
entering the muscle and pass right up to the tendon close to the annulus of 
Zinn. Some of the nerve fibres go to tendon and other endings (PI. 1, fig. 2), 
other smaller medullated fibres travel singly for considerable distances to 
single endings which look like small motor endings (PI. 1, fig. 3). 
Throughout the length of the muscle small nerve trunks are seen passing to 
the periphery, and many nerve fibres of different sizes are found running 
between the muscle fibres, often with endings on these fibres. These endings 
may be a single fine fibril or double fibril at the end of a nerve fibre of small 
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to medium diameter; other nerve fibres may show frequent small endings at 
nodes along their length (PI. 1, fig. 4). Typical motor endings are seen on some 
of these peripheral fibres within the region of the main motor band. There are 
also many very fine non-medullated nerve fibres whose still finer branches, 
disappearing out of the section, must not be mistaken for endings on muscle 
fibres; they are probably supplying blood vessels. 

In the peripheral region, occasional medullated fibres have been seen making 
two or three spiral turns round a small muscle fibre (Pl. 1, fig. 5). One was 
seen to end in two fine fibrils on the muscle fibre. No encapsulated muscle 
fibres with nerve endings resembling those of muscle spindles were ever seen. 

On examining portions of the nerve to the inferior oblique muscle that had 
been stained in osmic acid and teased out, a few isolated large nerve fibres 
had a diameter of about 17, and a great number of small medullated fibres 
were also seen. It is interesting to note that in the branches of the nerve close 
to the muscle several fairly large nerve fibres were seen dividing at the nodes; 
very few divisions were seen in the main trunk of the nerve. 

Monkey. In the monkey’s eye muscles there is a greater range of muscle 
fibre diameters as compared with the cat. Most of the diameters are between 
7 and 30, but there are also smaller fibres of about 5 and sometimes a large 
fibre of over 40. In the cross-section of the whole muscle one is struck, not 
so much by these large fibres, as by the peripheral border of small muscle 
fibres. This border is very easy to define and in Text-fig. 7) it is indicated by 
the cross hatching. The border completely covers the outer aspect of all the 
eye muscles and it is very noticeable at the lateral edges; but on the inner 
aspect of the muscles, on the faces next to the globe, it is absent from the 


region where the nerve trunks enter the muscle, At the extremities of the 


muscles the cross-sections show mainly small muscle fibres, some of which 
may be the ends of the large muscle fibres in the central core of the muscle. 
The origin ends of the eye muscles are cone shaped, the lateral rectus having 
a double origin; a thin layer of tendon extends some way over each muscle. 
Many of the small muscle fibres of the outer border arise from this tendon 
sheath and, to that extent, do not run the whole length of the muscle. Some 
fibres may also end before others as the muscle thins and broadens at the 
insertion end. The muscle fibres of the peripheral border show many central 
nuclei in cross-sections, especially in fibres adjacent to the interior of the 
muscle; no groups of these fibres were found to be encapsulated, nor were 
muscle spindles ever found elsewhere in the muscles. 

The general distribution of the nerve trunks in the recti of the monkey is 
similar to that found in the cat. The wealth of nerve fibres in the whole muscle 
appears to have crowded up the typical motor endings into a much more 
compact band than is the case with the cat. Again large medullated fibres 
usually branch to end in clusters of motor endings. On the insertion side of 
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the band there is a fringe of endings which is reminiscent of the fringe in man 
in which lie the simple spiral endings (Daniel, 1946; Cooper & Daniel, 1949). 
The origin end of the muscle is again very richly innervated; there are tendon 
organs and other complicated endings, and nerve fibres are seen to penetrate 
the circular fibres of the annulus of Zinn (PI. 1, fig. 6). The small muscle 
fibres of the peripheral region are so thickly intermingled with nerve fibres 
that it is difficult to make out the complete pattern. There are certainly endings 
tosmall medullated fibres which resemble motor endings; these are often found 
on the origin side of the main motor band. There are also complicated endings 
with fibrils completely encircling the muscle fibres (Pl. 1, figs. 7, 8). Usually one 
musele fibre seems to be involved, but occasionally two are seen to be enclosed 
in the fibrils of one ending (PI. 1, fig. 9). These endings are, as a rule, on the 
insertion side of the motor band, though they are not to be confused with the 
insertion tendon endings which are much farther away from the motor band. 
Information about two kinds of endings on one of these small fibres is difficult 
to get, owing to the length of the fibres and their close proximity. 

The inferior oblique muscle in both animals shows certain differences from 
the recti. In the cat it is inserted far forward on the globe and receives its 
nerve supply on the posterior border in the middle of the muscle. The branch 
of the third nerve divides into three or four trunks; most of these run towards 
the insertion, but some run towards the origin. Both sets help to supply end- 
ings in the motor band, and this tends to give a yet wider scatter to the motor 
endings than in the recti. In the monkey the muscle is rather insignificant in 
size, compared with the recti, though it still has a comparatively large nerve 
supply. It is inserted into the equator of the globe and receives its main 
nerve supply in the middle of its inner aspect. A little trunk may enter at the 
posterior edge in the small monkeys; in the higher monkeys and man the 
relatively much greater nerve supply enters in both places. Many nerve 
fibres start in the muscle directly towards the origin, and the band of motor 
endings is wider than in the recti, amounting almost to two adjacent bands. 


DISCUSSION 


The eye muscles of different species of mammals have many histological 
points in common, but the results of investigating them in any one species 
should not be applied indiscriminately to all mammals. The nerve supply of 
these muscles is always large, even in those animals like the rabbit (Hines, 
1931) whose eye muscles are concerned with postural adjustments of the eyes, 
but it is very much larger in the animals which move their eyes when watching 
objects. A cat makes some small eye movements as it sits looking at an object 
moved in front of it, though each eye movement is followed usually by a neck 
movement. A monkey will sit quite motionless before an object of interest, 
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except that its eyes will show considerable movement; while in the amazingly 
precise and rapid actions of a big leap the sequence is eye muscles, neck — 
muscles, then limb and body muscles. 

The smooth working of the limb muscles is known to be dependent on the 
presence in these muscles of proprioceptors. These are now considered to be 
endings in the muscle spindles and the endings on tendons. Varieties of tendon 
organ have been noted in the eye muscles of many mammals including the 
cat and monkey (Sherrington, 1897), the cat (Huber, 1900), numerous species 
(Dogiel, 1906), the monkey (Tozer & Sherrington, 1910), and man (Cooper & 
Daniel, 1949). Muscle spindles with several intrafusal fibres have a much more 
restricted distribution in eye muscles, They are found in typical form in the 
eye muscles of the artiodactyls, where 281 have been reported in the lateral 
rectus of the sheep (Cilimbaris, 1910), and in a rather simpler form and fewer 
in number in the eye muscles of man (fifty in the inferior rectus) and the 
higher apes (Cooper & Daniel, 1949). It is probably a primary ending of 
a muscle spindle, supplied by a large nerve fibre, that acts as a low threshold 
stretch receptor. The present results give physiological proof that some other 
kind of ending can act in a similar way in the eye muscles of the cat and 
monkey. 

The muscle sisi seen in the eye muscles of man and goats are nearly 
always found among the smaller muscle fibres, especially in the origin third 
of the muscle and on the inner edge of the lateral border of the small muscle 
fibres. They are not found, in man, among the large muscle fibres in the 
interior of the muscle. Ought we then to look for the low tension stretch 
receptors in the cat and monkey in those areas of small fibres, which, as we 
have noted, are very striking in the monkey and which are very richly in- 
nervated in both cases? It is interesting to note that many of the muscle fibres 
on the inner edge of the border of small fibres have central nuclei; also, in the 
cat, the examples of nerve spirals have been found here. We cannot say whether 
the spirals and the central nuclei were ever found associated with the same 
muscle fibre. The spirals are presumably the same as those mentioned by 
Pallot in the cat (1934). Large medullated nerve fibres are undoubtedly seen 
among the border nerve fibres in the cat and monkey, but they are difficult 
to enumerate and trace in silver preparations. Dogiel (1906) describes the 
richly innervated muscle fibres on the surface of the eye muscles vacisky assumes 
that the endings are sensory. 

The eye muscles are skeletal muscles with striated muscle fibres, but they 
have certain histological and physiological features which suggest that they 
are primitive muscles more related to submammalian muscles than to mam- 
malian-limb muscles, except perhaps to embryological mammalian muscles. 
Such features are the pattern of innervation, the varying size of the muscle 
fibres, some with central nuclei, the high tetanus tension compared with the 
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twitch tension and the response of the intact muscle to acetylcholine by 
contracture (Denny-Brown, 1929; Cooper & Eccles, 1930; Duke-Elder & 
Duke-Elder, 1930; Brown & Harvey, 1938; 1941). Many of these submam- 
malian muscles have organs rather similar to muscle spindles but only a single 
muscle fibre of small diameter is involved; a fine capsule may be confined to 
the neighbourhood of the sensory ending and the small motor ending is some 
distance away (Regaud & Favre, 1904; Tiegs, 1953). Some of the small 
muscle fibres in eye muscles, with their varied nerve endings, may be closely 
related to these primitive muscle spindles. We have certainly seen endings like 
small motor endings (Pl. 1, fig. 3), and there are complicated endings that are 
probably sensory. In a few cases a small motor ending and a different type 
of ending have been seen on the same small muscle fibre. In some of these 
primitive forms of muscle spindle and in the spindles of human eye muscles the 
muscle fibres do not have a collection of clear nuclei at their main sensory 
ending, but only central nuclei. Central nuclei are common in mammalian 
embryological muscle, but after birth in healthy muscles such nuclei are 
confined to the intrafusal fibres of muscle spindles and to some of the muscle 
fibres of the eye muscles. The border of small diameter muscle fibres so well 
seen in the monkey’s eye muscles is very reminiscent of the borders of small 
fibres seen in some frog muscles and associated by many workers with a tonic 
function in contrast with the larger twitch-tetanus muscle fibres, Further 
work on the comparison of mammalian eye muscles with the muscles of lower 
vertebrates might prove of great interest. 

In the experiments on the cat the low threshold receptors responded to 
a stretch of the muscle by an immediate, though possibly slight, reduction of the 
interval between the impulses of the resting discharge. The maximum rate of 
discharge was always reached during the rising phase of the stretch, which 
might take several msec. It is thus much less easy to give exact figures for the 
latency, than can be done in cases where the stimulus is a single shock. The 
maximum rates of discharge reached were 330 impulses/sec in the cat and 
about 400 impulses/sec in the monkey. The eye muscles probably have a very 
delicate grading of their contractions owing to the high values of the single unit 
motor discharges (175 impulses/sec in the cat, Reid, 1949, and 150 impulses/sec 
in man, Bjork & Kugelberg, 1953). Every contraction must be accompanied 
by stretch of the antagonist muscle whose receptors thus give it an equally 
delicate mechanism for signalling its state of tension. 

The slow adaptation is characteristic of discharges from this type of receptor 
(Matthews, 1933). The final pause, which was sometimes very marked, is 
frequently seen in discharges from muscle spindles at the end of a stretch, 
especially in isotonic recording. It was related to the muscle tension, and the 


length and degree of stretch, but there may be other factors associated with 
the state of the muscle, | 
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Since we have no positive information about stretch reflexes in the extra- 
ocular muscles or about the number of synapses between the afferent neurone 
and the motoneurone it is premature here to discuss whether these low thres- 
hold stretch receptors in the eye muscles of the cat and monkey are fully 
comparable with the group I muscle spindle afferents of limb muscles. _ 

The second type of response we associated with the tendon receptors in 
the eye muscles. The receptors in both the cat and the monkey undoubtedly 
needed a high tension to stimulate them, the latency of the discharge was 
long, there was rarely a resting discharge and the discharge was not always 
sustained. Cooper, Daniel & Whitteridge (1951) did not record from them in 
the goat, but in that animal it was so much easier to isolate afferent fibres 
associated with the low threshold type of receptor and giving a resting dis- 
charge that the eye muscles were not subjected to the much greater stretches 
needed to stimulate the high threshold receptors. 

On the present evidence we consider that two types of receptor are involved. 
The exquisite sensitivity to stretch -of the first type is a well known charac- 
teristic of low threshold stretch receptors, as also is the lack of fatigue shown 
by such receptors. We have no grounds for assuming that there is any gradation 
between the two types of responses described here and so believe that the 
receptors are different in structure. Work on the behaviour of both types of 
receptor during stimulation of the nerve to the muscle might reveal further 
distinctions. Such a stimulus might also help to elucidate the role of the 
spontaneous units in afferent fibres that were unaffected by stretch of the 
muscle. The cramped working space of the cat’s orbit and difficulties with 
stimulus escape made our attempts at stimulation inconclusive. 

The eye muscles of the monkey merit further investigation; we include the 
present results because they fit in with the general pattern of response seen in 
the nerves from the cat’s eye muscles, and give proof of afferent discharges in 
the third nerve of a species more closely related to man, and having like man 
a closed bony orbit, a point of importance when attempting to trace the path 
of the afferent neurone centrally (Cooper, Daniel & Whitteridge, 1953, p. 485). 

We conclude from these results that animals whose extraocular muscles do 
not contain the recognized form of low tension stretch receptor, do contain in 
these muscles receptors with a similar function. The receptors themselves may 
be situated in the richly innervated origin and peripheral regions of the 
muscles, regions which have hitherto received less attention in the literature 
than the belly of the muscle and the insertion tendon. 


SUMMARY 
1. Afferent discharges from the inferior oblique muscles of the cat and 
monkey have been recorded electrically in fibres of the third cranial nerves. 
The extraocular muscles of both animals have been examined histologically. 
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2. In the cat, on stretching the inferior oblique muscle, records were 
obtained of single units. Some of these were associated with low threshold 
stretch receptors, which responded to the stretch like the main sensory endings 
of muscle spindles; others were the discharges of _ threshold stretch 
receptors. 

3. In a similar aicpeliiiiear on a monkey, comparable results were ecbtehned 
from receptors in the inferior oblique muscle. 

4, Attention is drawn to the innervation of the tendons of origin and the 
peripheral layers of muscle fibres in the extraocular muscles. In the cat both 
these regions are well supplied with nerve fibres and their endings. The eye 
muscles of the monkey have a relatively much greater nerve supply than the 
eye muscles of the cat; the peripheral layers of the muscles are composed 
almost entirely of muscle fibres of small diameter and there are many small 
muscle fibres near the tendon of origin. Many of these small muscle fibres are 
associated with medullated nerve fibres of various sizes and a variety of nerve 
endings. No typical muscle — were found in ne extraocular muscles of 
either animal. 


We have to thank our colleague E. H. Leach and his assistant Mr T. A. Marsland for taking 
the photomicrographs, and Mr A. Austin and Mr R. Beesley for help with the —s and 
histology respectively. 
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EXPLANATION OF PLATE 1 


Untouched photomicrographs of longitudinal sections of extraocular muscles stained by the 
Bielschowsky-Gros silver method. 


Fig. 1. Cat. Three motor endings in the lateral border of a rectus muscle. The thick nerve fibre 
encircles one muscle fibre before supplying two endings to this fibre and a third — to 
a second muscle fibre. (Thick frozen section.) — 

Fig. 2. Cat. .Musele fibres close to the tendon of origin of a rectus muscle. Nerve fibres run 
between, nearly all the muscle fibres. (Thick frozen section.) 

Fig. 3. Cat. Fine isolated miedullated nerve fibre ending in a small motor end-plate-on a muscle 
fibre of 10 1 diameter in a rectus muscle. Note the lower fibril in the ending finishes within the 
circle of the upper nerve fibril; the apparent prolongation of the small fibril is a longitudinal 

_ marking of the muscle fibre. There are three nuclei within the circle. (Thin celloidin section.) 

Fig. 4. Cat. Nerve fibre running from right to left along a muscle fibre in the lateral border of 
a rectus muscle, Small fibrils are given off at many of the nodes and the final ee is partly 
shown. (Thin celloidin section.) 

Fig. 5. Cat. Rectus muscle. Nerve fibre forming a spiral round a muscle fibre of 14 diameter. 
The ending cannot be distinguished. The nerve fibre below the spiral ends in a motor end- 
plate seen on the right. (Thin celloidin section.) 

Fig. 6. Monkey. Tendon of origin of a rectus muscle. The muscle fibres are merging into the 
circular tendon fibres of the annulus of Zinn. The large nerve fibre on the left is curving back 
in a characteristic way into the muscle, where it ends in a tendon organ. A nerve fibre, out 
of focus, is seen running beside the tendon organ to the circular fibres where it sends branches 
further into the tendon above and back into the muscle below. (Thick frozen section.) 

Fig. 7. Monkey. Lateral border of rectus muscle showing numerous nerve fibres and a complicated 
nerve ending on a single muscle fibre. (Thick frozen section.) | 

Fig. 8. Monkey. Lateral border of rectus muscle just on the insertion side of the band of motor 
endings, A thick nerve fibre runs to a complicated ending associated with one muscle fibre. 
(Thick frozen section.) 

Fig. 9. Monkey. Lateral border of rectus muscle on the insertion side of the band of motor endings. 
In a region of many nerve fibres a single fibre is seen ending in association with two muscle 
fibres, both about 10, in diameter. (Thick frozen section.) 
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PREFERENTIAL TRANSFERENCE OF AMINO-ACIDS FROM 
AMINO-ACID MIXTURES BY SACS OF EVERTED SMALL 
INTESTINE OF THE GOLDEN HAMSTER 

(MESOCRICETUS AURATUS) 


By G. WISEMAN*} 
From the Department of Biochemistry and Nutrition, Tufts College 
Medical School, Boston, Massachusetts, U.S.A. 


(Received 17 August 1954) 


The ability of the small intestine to transfer amino-acids against a concentra- 
tion gradient has been demonstrated by a number of investigators in the past 
few years (Wiseman, 1953; Agar, Hird & Sidhu, 1953; Smyth & Whaler, 1953; 
Wilson & Wiseman, 1954). The results of those investigations have shown that 
an active mechanism exists for the absorption of certain L-amino-acids but not 
for their p-forms. The L-amino-acids which those workers showed to be 
actively transferred by the small intestine of the rat are alanine, phenylalanine, 
methionine, histidine and isoleucine, but the t-forms of glutamic acid and 
aspartic acid are not (Wiseman, 1953). In the present investigation the method 
described by Wilson & Wiseman (1954) has been used to study the transference 
of glycine and the L-forms of proline, histidine, methionine, lysine and ornithine 
by sacs of everted small intestine of the hamster when these amino-acids were 
present singly and in pairs. The results show that when only one amino-acid 
was present L-proline, L-histidine, t-methionine, and glycine were readily 
transferred against a concentration gradient but L-lysine and L-ornithine were 
not. The results of the experiments in which pairs of amino-acids were used 
show that amino-acids for which a mechanism for active transfer exists 
compete with each other for that mechanism. On the basis of their effective- 
ness as inhibitors the order of affinity for the ‘carrier’ part of such a mechanism 
is methionine, histidine, proline and glycine (methionine appearing to have an 
affinity of roughly 20 times that of proline). Those amino-acids which when 
present alone were transferred at the lower rates (methionine and histidine) 
inhibited the transfer of the amino-acids transferred at the higher rates 

* Charlton Research F ellow in Biochemistry and Nutrition, Tufts College Medical School, on 
leave from the University of Sheffield. Visiting Fulbright Scholar, 1953-4. 

+ Present address; Department of Physiology, University of Sheffield, England. 
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(proline and glycine). The L-amino-acids not moved against a concentration, 
gradient (L-glutamic acid, L-lysine and L-ornithine) have no effect on the 
transference of amino-acids for which an active mechanism exists. 


EXPERIMENTAL 

Preparation of tissue. The method used for preparing and filling sacs of everted small intestine 
of the hamster (Mesocricetus auratus) was that described by Wilson & Wiseman (1954). Six sacs, 
each of about 3 cm length, were obtained from each small intestine (jejunum and ileum). At least 
two animals were used for each investigation of an amino-acid or pair of amino-acids. 

Measurement of initial and final volumes. The initial volume of fluid (serosal) introduced into the 
carefully drained sac of everted intestine (about 3 cm length) was recorded from the 1 ml. syringe 
(Tuberculin type) which was used for the introduction of the fluid. This serosal fluid volume was _ 
initially between 0-5 and 1-0 ml. The final volume of the serosal fluid was estimated by draining 
the sac of its fluid contents and weighing the fluid obtained. The increase in the volume of the 
serosal fluid during the experimental period was considered to be the volume of fluid transferred 
from mucosal to serosal sides. The volume of fluid (mucosal) into which the sac was placed at the 
beginning of the experimental period was 20 ml. 

Occasionally the serosal volume of a sac decreased during the experimental period. Such sacs 
were discarded. 

Experimental procedure. The sac, filled with a known volume of amino-acid solution, was placed 
into a 150 ml. Erlenmeyer flask containing 20 ml. of the same amino-acid solution as used for 
filling the sac. The air in the flask was then replaced with a gas mixture of 5% CO, in 95% O, 
and the flask tightly stoppered. The flask and its contents were then kept at 37° C and con- 
tinuously shaken for 1 hr by the use of a Warburg bath (rate of shaking 80 oscillations/min, 
amplitude 5 cm), At the end of the hour the sac was removed from the flask, its surface drained, 
and its fluid contents recovered and weighed. Samples of initial amino-acid solution and final 
serosal and mucosal fluids were analysed for amino-acid concentrations. A short length of thread 
ligature left at one end of the sac greatly facilitates the removal of the sac from the flask. 

Amino-acid solutions. The amino-acids (all of the L-form) were commercial samples of chemically 
pure grade and were used without further purification. The glutamic acid was used as the mono- 
sodium salt and the histidine as the mono-hydrochloride. The amino-acids were dissolved in a 
bicarbonate-saline (Krebs & Henseleit, 1932) containing 0-3% glucose and the solution was 
gassed with 5% CO, in 95% O,. 

Dry weight. After removal of the serosal fluid the sacs were laid on Whatman no. 50 filter paper, 
and the ends beyond the ligatures cut off and the ligature thread discarded. Excess surface fluid 
was then removed and the tissue dried for 2 hr at 110° C and the weight determined. The dry 
weights were of the order of 25-35 mg. 

Chemical estimations. Proline, lysine and ornithine were Seeinined by the colorimetric method 
of Chinard (1952). Histidine was determined by the colorimetric method of Macpherson (1946) 
and methionine by the colorimetric method of McCarthy & Sullivan (1941). Glycine was estimated 
by the method of Alexander, Landwehr & Seligman (1945) as modified by Christensen, Riggs & 
Ray (1951). 

Rate of transference and concentration gradients. The rate of accumulation of amino-acid in the 
serosal fluid during the experimental period is given in yl./mg dry wt. of sac/hr, and is referred to 
as the rate of transference. 

The concentration gradient is the ratio of the amino-acid concentration in the serosal fluid to 
that in the mucosal fluid. : 

Standard deviations and significance. Standard deviations were obtained using the formula for 
small samples. 

The difference between two means was considered to be significant when that difference was 
more than 3 times the value of the standard error of the difference. 


“ 
any 
“a 
ig 
4 
a 
ie 
¥ 
a 
car 
70 
a 
‘2 
on 


416 G. WISEMAN 


RESULTS 


The accuracy of recovery of serosal fluid was determined by filling a number of 
sacs of everted small intestine in the routine way and immediately draining 
them of their contents and determining that volume by weighing. As shown in 
Table 1, about 96 % of the fluid introduced could be recovered and the method 
was considered to be satisfactory. 


TaBLeE 1. Accuracy of recovery of fluid from inside sac of everted intestine (serosal side) 


(The sacs were prepared and filled in the routine way and immediately drained of their fluid 
contents.) 
Volume introduced Volume recovered 


by syringe by draining sac Percentage 
Sac (ml.) (ml.) accuracy 
1 0-97 0-93 96 
2 0-96 0-92 96 
3 0:97 0-91 94 
4 0-61 0-60 98 
5 0-97 0-97 100 
6 0-97 0-89 92 
7 0-97 0-91 94 


TaBLE 2. Proline. Effect of initial amino-acid concentration on rate of transference and — 
concentration gradient developed by sacs of everted intestine 
(Amino-acid concentration on serosal and mucosal sides equal at start of experiment. Rate 
given as ul./mg dry wt./hr. Concentration gradient expressed as ratio of amino-acid concentration 
on serosal side to that on mucosal side. Figures shown are mean and standard deviation, with the 
number of sacs in parentheses. Experimental period ! hr, 37° C.) 
Initial concn. Rate of transference 


(mm) (ul./mg dry wt./hr) Concn. gradient developed 
5 7-31+1-57 (7) 3-27+40-41 (7) 
10 10-34+ 1-48 (7) 2-51 40-25 (7) 
20 14:0 +3-17 (9) 2-08 + 0-18 (9) 


To determine the effect of the initial concentration of amino-acid on the 
rate of transference and concentration gradient developed a number of experi- 
ments were done with different concentrations of proline. Table 2 shows the 
rate of transference and concentration gradient developed when the proline 
concentration on the mucosal and serosal sides was initially 5, 10 or 20 mm. 
At 20 mm concentration the rate of transference of proline was about twice 
that at the 5 mm level, although the concentration gradient developed was 
lower. 

Table 3 shows the rates of transference of proline, glycine, histidine, methio- 
nine, lysine and ornithine when each amino-acid was present alone at a 20 mm 
level, the initial concentration in the mucosal and serosal fluids being the 
same. The rates of transference for proline and glycine (not considered to be 
significantly different) were considerably higher than those for histidine and 
methionine (not considered to be significantly different). Lysine and ornithine 
were not transferred against a concentration gradient. Table 3 also shows the 
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rates of transference of the amino-acids when they were present in pairs and 
each at the 20 mm level, An analysis of these results indicates that the rate of 
transference of methionine was unaltered by the presence of equimolecular 
amounts of proline, histidine, glycine, lysine or ornithine. The rate of trans- 
ference of histidine was only lowered by the presence of equimolecular amounts 
of methionine but not of the others. The transference rate of proline was 
lowered by methionine and histidine, while the rate for glycine was markedly 
lowered by methionine, histidine and proline. The rates for lysine and orni- 
thine (zero) were unaltered in any combination tried. The presence of equi- 
molecular amounts of glutamic acid had no effect on the rate of transference 
of proline, histidine or methionine. 


_ concentration gradient developed by sacs of everted intestine 
(Initial concentration of proline 20 mm inside and outside sac. Rate given as y)./mg dry wt./hr. 
Gradient expressed as ratio of amino-acid concentration on serosal side to that on mucosal side. 
Experi- 
mental period 1 hr, 37° C.) 


Initial concentration 


of methionine inside 
and outside sac Rate of e transference 
(mm) (pl./mg dry wt./br) develo 
0-0 14-004.3-17 (9) 2-08-+.0-18 (9) 
0-1 11-15 + 2°33 (8) 1-73 +0°15 (8) 
1-0 6-44 + 1-63 (8) 1-21 +.0-06 (8) 
5-0 1881-26 (10) 0-97 +.0-05 (10) 
20-0 2-49 + 1-12 (10) 0-86 + 0-06 (10) 


Table 4 shows the concentration gradients developed by the sacs whose 
rates of amino-acid transference are given in Table 3. The concentration 
gradients follow the same pattern as the transference rates described above, 
the slowly transferred amino-acids inhibiting the amino-acids transferred at 
a faster rate. The presence of equimolecular amounts of methionine completely 
prevented proline, glycine or histidine from being transferred against a con- 
centration gradient. In equimolecular amounts glutamic acid had no effect on 
the concentration gradients developed for proline, histidine or methionine, 
while lysine and ornithine had no effect on histidine and methionine. 

Table 5 shows the effect of different concentrations of methionine on the 
rate of transference and the coucentration gradient developed for proline 
(concentration 20 mm). At 5 and 20 mm concentrations methionine completely 
inhibits the transference of proline against a concentration gradient, and the 
results suggest that methionine has an affinity for the active process roughly 
20 times that of proline. It should be noted that with an increase in serosal 
fluid volume the rate of transference may be positive without the amino-acid. 
having been moved against a concentration gradient. 
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DISCUSSION . 


The results show that for those amino-acids which are transferred against a 
concentration gradient the rate of transference varies quite widely, the rate for 
proline being 4-5 times that for methionine, Of the amino-acids used the mono» 
amino-mono-carboxylic acids were transferred against a concentration gradient 
but the di-amino acids lysine and ornithine were not. In a previous investiga- 
tion Wiseman (1953) found that of the amino-acids presented to the isolated 
rat intestine only the mono-amino-mono-carboxylic acids were transferred 
against a concentration gradient, while the dicarboxylic acids, glutamic and 
aspartic, were not. The results presented above also show that the mono- 
amino-mono-carboxylic acids may have an effect on the rate at which other 
such amino-acids are transferred against a gradient. From the rates and 
concentration gradients found for proline, glycine, histidine and methionine 
when present in pairs it seems that the rapidly transferred amino-acids are 
inhibited by the poorly transferred amino-acids. This suggests a common 
special mechanism for the mono-amino-mono-carboxylic acids in which a more 
stable union between the amino-acid and a part of the mechanism causes a 
poorer rate of transfer but greater inhibiting ability. Hence methionine, 
although transferred at a slow rate, will completely prevent transference 
against a gradient of proline, glycine and histidine, while the relatively rapidly 
transferred glycine has no appreciable effect on the more slowly transferred 
methionine, histidine and proline. Competition for such an active mechanism 
may be of profound importance in the uptake of amino-acids from the plasma 
when for adequate protein synthesis all the appropriate amino-acids must be 
available in the necessary amounts at the same time. Kamin & Handler (1951) 
have published results indicating competition by the neutral amino-acids for 
reabsorption from the tubular fluid of the dog, but were unable to demonstrate 
this type of competition for the intestinal absorption of amino-acids when 
using the Cori technique in rats (Kamin & Handler, 1952). Christensen, 
Streicher & Elbinger (1948) have published results showing that when the 
concentration of various amino-acids is increased in the plasma of intact 
guinea-pigs there is evidence of competition for the cellular amino-acid 
concentrating mechanism. | 

Equimolecular amounts of glutamic acid had no effect on the transference 
rates or concentration gradients developed for the various amino-acids used 
though Christensen ef al. (1948) found evidence suggestive of increased tissue 
amino-acid concentration in the presence of a rise of plasma glutamic acid in 
the intact guinea-pig. | 

If transamination takes place in the intestine under the conditions of the 
experiments (Matthews & Wiseman, 1953) an amino-acid having an inhibitory 
effect might be produced. 
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The rate of transference of methionine by these sacs of everted small intestine 
compares well with those published by Wilson & Wiseman (1954) for the 
hamster and is similar to those workers’ figures for the rat small intestine. The 
concentration gradients found for histidine and methionine are of the same 
order as those found for the rat*Small intestine by Wiseman (1953) and Agar 
et al. (1953). 

SUMMARY 


1. Saes of everted small intestine of the hamster have been used to deter- 
mine the concentration gradient developed during transference of amino-acids 
from mucosal to serosal sides of the sac. The rates of such mauterenioe against 
a concentration gradient were also estimated. 

2. Glycine and L-proline were transferred faster than t-histidine and 
L-methionine and greater concentration gradients were developed. 

3. L-Lysine and L-ornithine were not transferred against a concentration 
gradient. 

4. The amino-acids transferred at a slow rate inhibited the transference 
against a concentration gradient of the amino-acids transferred at a faster 
rate. L-Methionine in equimolecular amounts completely inhibited the trans- 
ference against a concentration gradient of L-proline, glycine and t-histidine. 

5. The affinity of t-methionine for the ‘carrier’ part of the concentrating 
mechanism is about 20 times that of L-proline. 

6. The amino-acids not actively transferred (L-glutamic acid, L-lysine and 
L-ornithine) had no effect on the transference of amino-acids for which an 
active mechanism exists. 

7. The results indicate that the mechanism for active transport of amino- 


“acids by the intestine is limited to the mono-amino-mono-carboxylic acids 


and that they compete with each other for this mechanism. 


The author wishes to thank Dr Halvor N. Christensen for much stimulating discussion and 
useful criticism, as well as for generous working facilities. He also wishes to thank Miss Patricia 
J. Kennedy for her enthusiastic and skilled technical assistance throughout this work. 
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to determine whether these muscles have a more important respiratory 


so the resistance of the apparatus was considered to be unimportant. 


THE BEHAVIOUR OF THE ABDOMINAL MUSCLES AND THE 
INTRA-ABDOMINAL PRESSURE DURING QUIET BREATHING 
AND INCREASED PULMONARY VENTILATION. 

A STUDY IN MAN* 


By E. J. M. CAMPBELL anp J. H. GREEN | 


From the Department f Physiology, Middlesex Hospital Medical School, 
_ London, W.1 


(Received 2. September 1954) 


The muscles of the anterior and lateral walls of the abdomen are the most 
important muscles of expiration. Their respiratory activity in the supine 
posture has been described by Campbell (1952), and Campbell & Green 
(1953, b). This is the only position in which postural activity can be readily 
abolished. The observations to be described in the present paper were made 


function in the erect posture. 


METHODS 
Simultaneous records of the respiration, the intra-gastric pressure and the electromyogram of the 
external oblique and rectus abdominis muscles were taken using the technique described previously 
(Campbell & Green, 19536). The subjects were healthy young men aged 18-27. 

The following observations were made: 

(1) The effects of quiet breathing and the effects of progressively increasing pulmonary ventila- 
tion produced by rebreathing expired air from the spirometer (four subjects). There was no CO, 
absorber in the spirometer circuit so most of the increase in pulmonary ventilation was produced 
by CO, accumulation and anoxia. Ventilation rates above 60 1./min were produced by voluntary 
effort. The subjects were used to the procedure and a smoothly progressive increase in ventilation 
rate up to over 100 1./min was usually obtained. At peak flow rates the resistance of the apparatus 
was about 4 om H,O. Voluntary hyperpnoea without spirometry produced very similar results, 


(2) The effects of quiet breathing in the erect posture on the activity of the muscles, without 
simultaneous recording of respiration and intra-gastric pressure (eight subjects). 
(3) The effects of maximum inspiratory and expiratory efforts, coughing and movements of the 
trunk. These are not reported in detail because the findings were the same as those in the supine 
posture. 


* Some of the observations reported in this paper were included in a thesis by one of us 
(E.J.M.C.) accepted for the doctorate of philosophy by the University of London. 
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RESULTS 
| Pattern of muscular activity 
In all subjects there was generally muscular activity which varied markedly - 
with changes in position of the trunk. If the activity was slight it usually 
exhibited a respiratory rhythm with an increase in intensity during expiration 
and a decrease during inspiration. In most of the subjects it was possible by © 
adjusting the stance to abolish activity during quiet breathing. 

As the pulmonary ventilation rate was increased by rebreathing from the 
spirometer a respiratory rhythm rapidly became prominent in the muscles. 
Activity during inspiration decreased and often ceased (Fig. 1). 

In the supine posture we have shown that there is no activity in these 
muscles during quiet breathing. Activity appears during expiration when the 
_ ventilation rate is about 40 1./min in most subjects. 


Variation in intra-gastric pressure 


During quiet breathing the pressure rose with inspiration and fell with 
expiration, the total variation being about 5 cm H,O. It varied in each subject ; 


sometimes it was negligible; it never exceeded 10 cm H,O. This pattern was 


the same as that recorded in the supine posture. 

The changes that occurred during progressively increasing pulmonary 
ventilation are illustrated by Fig. 1. As the ventilation rate increased to about 
40 |./min the pressure during expiration increased so that the cyclic variation 
showed two maxima, one at the end of inspiration and the other at the end of 
expiration. The pressure was still highest at the end of inspiration, and the 
total variation was less than 10cm H,0. As the ventilation rate rose to 
60 1./min the expiratory rise became more prominent. Above 701./min the 
pressure during expiration rose above that recorded at the end of inspiration. 
We term this change ‘reversal’ of the pressure variation and we suggest that 
it be regarded as a criterion of the participation of the abdominal muscles as 

an important expiratory force. 

_ If the greater activity of the abdominal muscles in the erect posture com- 
pared with the supine posture represents a greater contribution to the force of 
expiration, it would be expected that the intra-abdominal pressure would show 
a greater rise during expiration in the erect posture. It would also be expected 
that reversal of the respiratory pattern would occur at lower ventilation rates 
in the erect than in the supine posture. The ventilation rate at which reversal 
occurred was therefore determined for four subjects in both positions, 

The findings were as follows: _ 


Posture Ventilation rate at which reversal occurred 
Supine Mean 103 1./min, (range 74-159) 
Erect Mean 76 1./min. (range 55-95) 
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t Min vol. 15 I./min 


Min vol. 16 |./min 


Min vol. 40 |./min 


Min vol. 63 1./min 


Min vol. 79 L/min, 


Fig. ef The effects of ERS increasing ica ventilation on the abdominal muscles 

_ and intra-abdominal pressure. Subject standing in a relaxed manner. Records from above 

downwards. Intra-gastric pressure (I.G.P.); Intra-gastric pressure zero level; e.m.g. from the 

external oblique (E.O.); respiration (inspiration upwards); time in sec. The respiration trace 

is 0-15 sec to the left of all the other records. The record is continuous, At the arrow the 

subject began to rebreathe from the spirometer and his ventilation rate = in- 


DISCUSSION 
The similarity of the respiratory variation in intra-gastric pressure during 
quiet breathing in the supine and erect postures, in spite of the fact that there 
is increased muscular activity in the erect posture, suggests that the muscular 
activity in the erect posture is not primarily expiratory in function. During 
increased ventilation in the erect posture reversal occurs at a lower ventilation 
rate than in the supine posture. It might be inferred therefore that the 
abdominal muscles are more actively concerned in expiration in the erect than 
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in the supine posture. The following considerations, however, must be taken 
into account. First, 761./min is a high level of ventilation, only reached in 
vigorous exercise and therefore an increased expiratory contribution of the 
abdominal muscles would only occur exceptionally. Secondly, the nature of 
the experiment and the high level of ventilation make it very likely that the 
performance of the subjects was significantly affected by voluntary efforts 
which always tend to be associated with increased participation of the 
abdominal muscles. 

It seems, therefore, that except at levels of pultheary ventilation which 
are reached only in severe muscular exercise and when a considerable voluntary 
effort is being made, the abdominal muscles in the supine or the erect posture 
do not contribute actively to expiration. 


SUMMARY 


1. The intra-gastric pressure, respiration and activity of the abdominal 
muscles were examined in healthy young men during quiet breathing and 
increased pulmonary ventilation in the erect posture. 

2. Continuous activity was usually present in the muscles during quiet 
breathing. It frequently showed a respiratory variation with an increase in 
intensity during expiration and decrease in inspiration. In most of the subjects 
it was possible to abolish the activity by adjustment of the stance. 

3. As the pulmonary ventilation increased a definite respiratory rhythm 
became established. There was cessation of activity during inspiration and 
increased activity during expiration. 

4, During quiet breathing and increased pulmonary ventilation up to 
50-70 1./min the respiratory variation in intra-gastric pressure was of the 
same type and magnitude in the erect as in the supine posture. 

5. It is concluded that the abdominal muscles do not have a significant 


expiratory role in the erect posture except at very high levels of pulmonary 
ventilation. 


We wish to thank Prof. Samson Wright for his guidance and advice, 
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THE BIOLOGICAL ACTION OF THYROXINE ON EMBRYONIC 
BONES GROWN IN TISSUE CULTURE 


By HONOR B. FELL* anp E. MELLANBY 


_ From the Strangeways Research Laboratory, Cambridge, and the Nutrition 
Natwonal Institute for Medical Research, Mill Hill, London 


(Received 3 September 1954) 


Tissue culture technique has proved to be of value in the study of the biological 
action of vitamin A (Fell & Mellanby, 1952, 1953), and it seemed possible that 
it might be useful in investigating the direct action on tissue of other biological 
substances such as the active principles of the thyroid gland. Many previous 
investigations into the action of thyroid active substances by tissue culture 
techniques have been reported, but it has proved to be an unprofitable field. 
The subject has been reviewed by Barker (1951) and he sums up the position 
as follows: ‘A conservative summary of the present status of this aspect 
of thyroid function would be that no in vitro response to thyroxine or thyro- 
globulin has yet been consistent enough to furnish a means of probing into 


the detailed mechanism of the action of the hormone.’ Many efforts have, 


for instance, been made to see what thyroxine does to the growth of fibroblasts 
in vitro, but the wide variation in results only emphasizes the general conclu- 
sion of Barker (Semura, 1931; Vogelaar & Erlichman, 1936; Ebeling, 1924; 
Verne & Odiette, 1936; Latta & Davis, 1938; van Hamm & Cappel, 1940). 
Embryonic chick bones were chosen as the biological material for the present 
work largely because of previous evidence that the thyroid gland is involved 
in bone growth and maintenance of structure, since both deficiency and excess 
of its active principles produce bone abnormality. Clinical evidence based on 
radiographic examination from many quarters has shown that osteoporosis is 
common in hyperthyroidism (Kummer, 1917; Bernard, 1927; Plummer, 1928; 
Aub, Bauer, Heath & Ropes, 1929; Hunter, 1930). Heath, Bauer & Aub (1926) 
and Aub et al. (1929) found that both calcium and phosphorus excretion was 
greatly increased in hyperthyroidic patients, suggesting that these substances 
came from the calcium phosphate of the bones. In myxoedema, on the 
contrary, the calcium excretion was below that of normal individuals. Hunter 
(1930) reported two cases of hyperthyroidism with spontaneous fractures in 
* Foulerton Research Fellow, Royal Society. 
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which there was radiographic evidence of decalcification in all bones examined 
as well as in the fractured bones. He also found that the osteoporosis was 
brought about by osteoclastic lacunar absorption which affected not only the 
corticalis but also the spongiosa of the medullary cavity, and he stated that 
there was no cessation of calcification as in rickets and osteomalacia. It is of 
interest in this connexion that one of us had found previously that dried 
thyroid gland added to the diet of puppies deficient in vitamin D, increased 
the development of a condition which radiographically was indistinguishable 
from rickets (Mellanby, 1923). On the other hand, Smith & McLean (1938) 
were unable to observe any failure of calcification in the bones of rapidly 
growing rats in severe hyperthyroidism. 7 

The bones of cretins are well known to show great interference with growth 
and development. In a cretin aged 15 Eaves & Croll (1928) described an 
unusually large amount of unchanged cartilage in the femur and ribs. At the 
end of a femur of this patient, the unchanged cartilage was several inches in 
length. They also found that the cartilage cells in a rib were very irregular 
and the ossification process erratic. It is therefore clear that clinical evidence 
shows that in both hyper- and hypothyroidism in man, bone is greatly affected, 
and it seems probable that variations in the amount of thyroid-active principles 
in these conditions is responsible either directly or indirectly for the different 
bone changes described. 

There is also evidence from laboratory ‘experiments that skeletal growth is 
influenced by thyroxine. Thus Ray, Asling, Simpson & Evans (1950) found 
that the injection into hypophysectomized rats of 3ug thyroxine daily from 
the 30th to the 60th day of life prevented the arrest of endochondral ossifica- 
tion which occurred in the control hypophysectomized animals. In the 
thyroid-injected rats erosion of cartilage and replacement by bone continued, 
although chondrogenesis itself was not maintained. Retardation and accelera- 
tion of epiphyseal activity in kittens and puppies in athyroidism and hyper- 
thyroidism respectively were described by Dott (1923). In experimental 
hyperthyroidism he found in the cartilage an indication of increased rate of 
cell proliferation and in the matrix signs of rapidly increasing maturity; 
although growth was accelerated, maturity also was disproportionately 
hastened, so that stature became fixed at a subnormal limit by epiphyseal 
ossification. Silberberg & Silberberg (1938, 1940) later found that dried 
thyroid given by mouth to young guinea-pigs and the injection of thyroxine 
into young mice accelerated and intensified the age changes in the skeleton. 
Simpson, Asling & Evans (1950) also found that injection of thyroxine into 
the young rat and mouse caused premature ageing of the skeleton as well as 
acceleration of the differentiation of the long bones. Thyroxine alone had no 


growth-promoting effect, but increased that of the ie hormone when both 
were administered together. 
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It is well known that in the amphibia thyroxine accelerates metamorphosis 
but retards growth (Gudernatsch, 1912, 1917). Some work has been done on 
the effect of thyroxine on the development of chick embryos in ovo, but the 
results of these experiments were conflicting. Willier (1924) grafted fragments 
of thyroid from hatched chicks on to the chorio-allantoic membranes of 7 to 
10-day embryos. When examined on the 17th day of incubation, the treated 
embryos were found to be considerably smaller than the controls, and there 
was ‘shortening and emaciation of the segments of the wings and particularly 
of the legs’. Two investigators have injected thyroxine into either the embryo 
or the egg. Guelin-Schedrina (1933) gave one to five injections of synthetic 
thyroxine (0-01-0-001 mg) into the heart or blood vessels of 3-day embryos, 
but noted only non-specific toxic effects. Beyer (1952), on the other hand, 
injected thyroxine into eggs before incubation and found that a dose of 
0-025 wg caused an increase in both the dry and wet weights of the embryos and 
in their total oxygen consumption, but not in their metabolic rate per g weight. 
The disparities between the results of these three workers are probably due to 
the widely different conditions of their experiments, but this point will be 
discussed later. 

The present study was made to see whether thyroxine, in concentrations 
similar to those which can be found in the living animal, would affect skeletal 
rudiments isolated in vitro. The results have shown that the hormone has 
a direct action under these conditions, that its effect depends on the degree 
of differentiation of the skeletal tissue at the beginning of the experiment and 
that the varioug limb-bone rudiments react differently to the same Svat 


MATERIAL AND METHODS 
Materials 
Skeletal explants were obtained from the leg- and wing-buds of 4 to 7-day embryonic chicks. As 
there was considerable individual and seasonal variation in the development of embryos of the 
same age, the limb-buds were classified in four groups according to their stage of differentiation. 
In group I (14 chicks) there was usually a mesodermal condensation in the leg-buds but in the 
wing-buds the condensation was less distinct; in group II (8 chicks), both buds contained a con- 
tinuous pro-cartilaginous blastema; in group III (9 chicks), individual bone rudiments were 
distinguishable but chondroblastic hypertrophy had not yet begun in the shafts; in group IV 
(11 chicks), hypertrophy had appeared in one or more bone primordia. In groups III and IV the 
rudiments of an additional 76 embryo chicks were cultivated for purposes of measurement and 
general structure, but they were not examined histologically. 
In groups I and II, the skeletogenous core was dissected from the buds and explanted whole, 
but in groups III and IV, Whore joints ‘were already present, 
cultivated separately. In all, 104 pairs of skelet were grown and examined histologi 


of each pair, one rudiment was cultivated in medium containing thyroxine and the other. i in 


h normal medium to serve as a control. 


Methods 
Tissue culture. The rudiments were grown by the watch-glass method which has already been 
described elsewhere (Fell & Robison, 1929; Fell & Mellanby, 1952). The culture medium consisted 
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of 3 parts plasma: 1 part embryo extract; at the beginning of the experiment, 9 drops of plasma + 3 
drops of embryo extract were placed in each watch-glass, but as the explants enlarged, the amount 
was raised to 12 drops and 4 drops respectively. 

The embryo extract was made from 13 to 14-day embryos, very finely minced and ground. 

Equal parts of mince and Tyrode containing 1% (w/v) glucose were mixed and centrifuged for 
not more than 5 min at about 2000 rev/min. With some of the mince a more dilute extract was 
prepared with Tyrode containing the usual amount’ of glucose (0-1%); the explants were placed 
in a drop of this extract before being transferred to the clot in the watch-glass, so that, when the 
surplus fluid was removed with a fine pipette, the tissue was covered by a film of growth-promoting 
liquid. The explants were transplanted at 2-day intervals. 
_ Addition of thyroxine to plasma, Most of the experiments here described were done with plasma 
designated X,. This contained, in addition to its normal content of thyroxine, an added quantity 
which in the culture medium amounted to approximately 16 p»g/100 ml. of medium. It was 
prepared as follows: a solution of L-thyroxine in a sterile 0-1 % (w/v) solution of sodium carbonate 
was made by dissolving 1 mg in 32 ml. (solution A). Solution A was sterilized by boiling. To each 
4-5 ml. of bird plasma 0-03 ml. of solution A were added, i.e. 100 ml. of plasma now contained 
20-8 yg of added 1-thyroxine. To make the medium for the experiments, 3 parts of plasma were 
added to 1 part of embryo extract, so that the final concentration of added t-thyroxine in the 
medium was approximately 16 ug/100 ml. of medium in addition to the normal content of 
thyroxine and triiodothyronine. In some experiments a culture medium described as X, has 
been used; 1 ml. of solution A was added to 15 ml. of 0-1 % sterile sodium carbonate solution and 
the same procedure was followed as above, so that X, medium contained 1 yg of added L-thyroxine 
per 100 ml. of culture medium. The same amount of Na,CO, was added to the control medium in 
each experiment. 

magnification. The drawings were measured with a piece of string infiltrated with paraffin wax 
which served as a flexible ruler; the final result was expressed in mm. In another group of 
experiments the rudiments were measured directly with a micrometer eye-piece. 

The measurements of the bones which formed the data for the curves shown in Text-figs. 5-7 
were submitted to Dr J. W. Boag for statistical examination. By tabulating the growth increments 
in successive time intervals he obtained the mean value for 5 (the difference in amount of growth 
between the thyroxine-treated and the control bones) in each series of experiments. He then 
applied the usual statistical test (Student’s t-test) to see whether the mean value of 8 differed 
significantly from zero. Where differences of statistical significance were obtained by this method, 
this is mentioned in the text. 


Histology. The rudiments were fixed at various intervals in 3% acetic Zenker’s solution for — 


about 30 min. After being embedded in paraffin wax, they were serially sectioned. Slides were 
stained with Delafield’s haematoxylin and cata azan, toluidine blue or Mayer's acid 
haemalum and chromotrop. 


RESULTS 
The normal development and growth of the long-bones in the embryonic chick 
The histogenesis of cartilage and bone in the long-bone of the embryonic fow! 
has been described in some detail by one of us (Fell, 1925), but this earlier 
work did not include a comparative study of differentiation in the various 
rudiments; recent observations have shown that there is some variation in the 
histogenetic process in the different bones. 
The general course of differentiation is the same in all the primordia. At 
about the 6th day the cells in the middle segment of the shaft begin to enlarge, 
while on either side of this region a broad zone of flattened cells merges 
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terminally with the small-celled epiphyses; the articular surfaces are not yet 
sharply defined, Over and slightly beyond the hypertrophic region, the 
perichondrium has differentiated into a periosteum with an inner osteoblastic 
and an outer fibroblastic coat, and a delicate layer of intercellular fibres has 
usually been deposited between the oesteoblasts and the cartilage. 

About 24 hr later, many of the enlarged cells have assumed their charac- 
teristic rounded shape and swollen vacuolated appearance. This change is 
always most advanced in the interior of the shaft, i.e. in the first formed 
chondroblasts, whence it spreads peripherally and distally. The zones of 
flattened cells are becoming demarcated from the epiphyses, the articular 
surfaces are now distinct, the periosteum extends almost to the ends of the 
shaft and a simple layer of bone has been formed. The hypertrophic region 
continues to, enlarge and the sheath of periosteal bone to thicken. By the 
8th day, the osteoblastic layer has become vascularized and, in addition to the — 
original sheath of bone, trabeculae are being formed between the vessels. 

Between the 10th and 12th day, blood vessels and connective tissue invade 
the diaphysial cartilage which is excavated to form the marrow-cavity. In 
the chick there is no endochondral ossification until the later stages of develop- 
ment. As the cartilage is scooped away from the middle segment of the shaft 
and replaced by marrow, more hypertrophic cartilage is formed distally from 
the zone of flattened cells, while the bone of the diaphysis becomes steadily 

thicker and better developed. : 

When the individual rudiments are examined, it is found that at about the 
6th day hypertrophy of the cartilage cells is most advanced in the femur, then 
in the humerus, next in the tibia and ulna, but it has not yet appeared in the 
radius. In a 7-day embryo, the degree of hypertrophy follows the same 
sequence, but camera lucida drawings show that the hypertrophic region has 
enlarged much more in the tibia than in the femur or humerus; thus while at 
the 6th day the tibial hypertrophic zone is smaller than that of the femur 
or humerus, by the 7th day it is nearly twice as large. The hypertrophic area 
of the ulna has also enlarged considerably and one has now appeared in the 
radius. 

Up to the 10th day the hypertrophic zone continues to extend more rapidly 
in the tibia than in the other rudiments, although the degree of hypertrophy 
remains most advanced in the femur. The radius differentiates more slowly 
than any of the bones and hypertrophy never reaches such an advanced stage 
as in the other rudiments. The hypertrophic cartilage of the ulna is better 
developed than that of the radius but remains — to that of the humerus 
and the leg-bones. 

After 12-16 days, when the long-bones have soci a marrow cavity, 
histological differences between the various bones are still seen. In the tibia 
and, to a lesser degree, in the femur also, the cells of the hypertrophic cartilage, 
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especially those towards the periphery of the shaft, are rather larger and set 


more closely together than in the humerus. The hypertrophic chondroblasts 
of the ulna, and especially of the radius, are less swollen than in either the 
humerus or the leg-bones and are separated by broader partitions of matrix. 
Thus it is seen that, although all the long-bones develop according to the 
same general plan, their histogenesis in vivo is not identical. There are also 
differences between the normal growth-rates of the various rudiments. It will 
be seen from Text-fig. 1 that the tibia is the most rapidly growing bone, next 
the femur and then in order the humerus, ulna and radius. 


18} 


— In vivo Tibia 
In vitro 
Femur 
14} 
12} 
E10: Humerus 
Uina 
Radius 
6 Tibia 


Days 

Text-fig. 1. Average growth curves of the long-bones of the embryonic chick, Note the great 
differences in the growth of the bones in vivo (plain lines), the tibia being the most rapidly 
growing and the radius the least. In vitro (dotted lines) the growth of the bones is much 
slower and the differences are much smaller, but the tibia and radius retain their relative 
positions. Ordinates represent length of bones in mm; abscissae represent days of incubation 
or (in vitro) of culture. 


The effect of thyroxine on explanted rudiments of groups I and II 
Development. In the original explants, individual primordia were indis- 
tinguishable in the living blastema which appeared as a dense, oblong mass 
surrounded by rather more translucent myogenic tissue. The gross anatomical 
development of the explants was the same in both the thyroxine-treated 
(T-treated) and control cultures, and the following description applies to both. 
After 2 days’ growth, the various bone-rudiments were recognizable, though 


still indistinct in group I, and by the 4th day were very clearly seen in all “ 


cultures. At this stage the wing-skeleton (Text-fig. 2) consisted of a humerus, 
usually associated with fragments of the pectoral girdle, a radius, ulna, often 
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part of the carpus and in group II sometimes pieces of the metacarpus: in the 
younger members of group I, the distal ends of the radius and ulna were 
sometimes missing. The leg-skeleton at the 4th day comprised a femur, often 
with part of the pelvis attached, a tibia, fibula, tarsus and sometimes incom- 
plete metatarsal elements (Text-fig. 3). In both the leg- and wing-skeleton, 
joints ates at the knee, elbow, shoulder and hip. 


8 days 


embryo of group II; one was grown in medium containing added 16 yg thyroxine/100 ml., 
the other in control medium. The humerus is considerably longer in the T-treated explant 
and in section was found to be much more highly differentiated than the corresponding 
rudiment in the control. Note the poor development of the radius and ulna in both explants. 


Text-fig. 3. Camera lucida drawings of the living skeletal blastemata from the leg-buds of an 


YL embryo of group I; one was grown for 8 days in medium containing 16 pg thyroxine/100 ml., 


~~ the other in control medium. Note the anatomical development that has taken place in both 
explants; by the 8th day the joints are much less distinct owing to fusion of the articular 
surfaces. The tibia in the T-treated explant has undergone hypertrophy and ossification and 
is longer than that in the control. 


After the 4th day, the joints gradually became less distinct owing to secondary 
fusion of the articular surfaces, and at the same time the relative proportions 
of the rudiments usually changed. In the wing, the humerus sometimes grew 
to several times the length of the radius and ulna, but in the leg there was less 
disproportion and the femur and tibia usually remained about equal in length; 
if metatarsal elements were present, however, they grew very rapidly in 
relation to the rest of the skeleton. 

The greatest differences in growth rate occurred when one of the rudiments 
underwent chondroblastic hypertrophy and another did not. The hypertrophic 


cartilage, which was often recognizable in the living cultures at the 4th day, 
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appeared by transmitted light as a well-defined, rather yellowish area in the 
middle of the shaft, and its differentiation was always associated with a rapid 
expansion of the cartilage. In some rudiments the hypertrophic cartilage 
extended right across the shaft in the normal way, but in others, especially in 
group I, it appeared on one side only and there produced a bulge or nose-like 
projection due to the asymmetrical expansion of the shaft. _ 

It could be seen from the living cultures that the incidence, extent and often 
the degree of chondroblastic hypertrophy were much greater in the T-treated 
explants than in the controls. This was confirmed by histological examination, 
and indicated that the hormone had stimulated differentiation. Table 1 shows 


1, Groups I and II 
No. of rudiments with hypertrophic cartilage © 


Wing Leg 
Added A —~ A 
thyroxine No.of Humerus Radius Ulna No.of Femur - Tibia . 
100ml) explants T C T C FT C explants T C T @ 
Group IT 1 2 2 | 


+ 
Group IT 
Incidence of hypertrophic cartilage in the long-bone rudiments of paired blastemata explanted 
from 4 to 5-day wing- and leg-buds; 8-9 days’ cultivation in vitro. T' = medium +thyrozine, 
C =control medium; one of each pair was grown in 7' and the other in C. For definition of groups 
see p. 429. 


that in control medium the incidence of hypertrophy was greater in certain 
rudiments than in others, and in general was higher in group II than in 
group I. It will also be seen that both concentrations of thyroxine had a 
stimulatory effect, and that those rudiments in which hypertrophy was most 
frequent in contro] medium were the most readily stimulated by the hormone. 
Thus, listi.g the rudiments of the 22 blastemata in order of the frequency with 
which they underwent hypertrophy in control medium, we find that hyper- 
trophic cartilage was present in 11 of the 22 control humeri but in all 22 of 
those treated with thyroxine (Pl. 1, figs. 1, 2), in 4 of the 22 control and 13 of 
the T-treated tibiae, in 2 control and 7 T-treated femora, in none of the control 
and in 3 T-treated radii, and in none of either the control or T-treated ulnae. 

The general histological structure of the explants was the same in both the 
T-treated and control series. The hypertrophic cartilage had the characteristic: 
round, vacuolated cells, and was separated from the small-celled epiphyses by 
zones of flattened cells as in normal development; it was covered by a 2-layered 
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periosteum and a sheath of bone had been deposited on the surface. In other 
rudiments there were areas of slightly enlarged cells which may have repre- 
sented the first stage in hypertrophy, but which are not included in Table 1. 
Those primordia which did not ossify were composed of small-celled cartilage 
which appeared healthy and had abundant matrix. 

As stated above, in 11 pairs of humeri hypertrophic cartilage was present 
in both the T-treated and control members. In 10 of these pairs, hypertrophy 
was more advanced and extensive in the T-treated rudiment than in the 
control, and in the 11th the degree of differentiation was the same in both. 
In the other rudiments in which both members of a pair had undergone 
hypertrophy, there was either no difference between the treated and untreated 
primordia (femora and 1 pair of tibiae), or the T-treated rudiment was more 
advanced (2 pairs of tibiae). Only one T-treated rudiment was less developed 
than its control; this was a tibia which was much distorted, probably owing 
to damage during dissection. 

Two of the humeri of group II exposed to the higher concentration of 
thyroxine showed regressive changes of a type which, though rare in group II, 
was often seen in the T-treated rudiments of groups III and IV (see below). 
In these two humeri many of the hypertrophic cells had retracted from the 
capsular wall; the space between the cytoplasm and the wall was occupied by 
a loose network of matrix which in the final stages of degeneration completely 
filled the cavity, the chondroblast being reduced to a small, shrunken mass in 
the centre. At the same time the partitions between the peripheral chondro- 
blasts, i.e. those most recently hypertrophied, were abnormally thin; this 
effect will be considered in more detail later. | 

Summarizing these results, we find that in the 22 pairs of leg- and 22 pairs 
of wing-blastemata, thyroxine stimulated differentiation in 21 humeri, 
15 tibiae, 7 femora, 3 radii and no ulna; in only one treated rudiment was 
differentiation inferior to that of its control. — 

Growth. Owing to the partial obliteration of the articular lines and the 
frequent curvature and overlap of the distal rudiments during the later stages 
of cultivation, it was only possible to measure the growth rates of the humerus 
and femur, which usually remained sufficiently straight and in which the 
articular boundaries were still distinguishable after fusion of the opposed 
surfaces. 

Text-fig. 5 shows the relative growth rate (a, b) and the average growth 
curves (¢, d) of 12 pairs of humeri and 10 pairs of femora, in which the T-treated 
explants were grown in medium containing 16g/100 ml. of thyroxine. Since 
the individual rudiments had not differentiated in the blastemata at the time 
of explantation, measurement began on the 2nd day in culture. It will be seen 
that between the 2nd and 4th days, the humeri grew more rapidly in the 
presence of thyroxine than in the control medium; this result was found to be 
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statistically significant. The growth rate then declined relatively to that of 
— control humeri until it fell below that of the controls. The T-treated femora, 
on the other hand, grew at the same rate as their controls during the first 


6 days, after which there was a sudden drop in the growth rate (statistically | 


significant) and the thyroxine curve fell below that of the control. 

As described above, chondroblastic hypertrophy always causes a rapid 
expansion of the cartilage in which it occurs, and it is probable that the sharp 
rise in the rate of elongation of the T-treated humeri between the 2nd and 4th 
day was associated with the marked stimulation of hypertrophy produced by 
thyroxine in all the twelve rudiments measured. Of the ten T-treated femora 
from which the average growth curve was obtained, hypertrophy was present 
in only two. The fact that in the presence of thyroxine the growth rate of both 
the humeri and femora fell below that of the controls after the 6th day, 
suggested that more prolonged exposure to the hormone was harmful. This 
was supported by the observation that by the 8th day of cultivation the zone 
of outgrowth from the connective tissue surrounding the skeleton was sparse 
and unhealthy in contrast to its appearance in the controls, 


The effect of thyroxine on explanted rudiments of groups III and IV 
| . When first removed from the embryo, the long-bone rudiments 
of group III (Text-fig. 4) were short and stumpy and showed little anatomical 
or histological differentiation; those of group IV were better developed and 
had begun to assume their characteristic shapes, while with transmitted light 


yellowish areas of hypertrophic cartilage were seen in the femur, humerus and © 


sometimes in the other primordia. 

When grown in control medium, the humerus in group III formed its head 
and trochanter, the distal end acquired a fairly normal outline and the shaft 
elongated rapidly and became curved as in vivo, though usually the curvature 
was abnormally pronounced im vitro. In this group, however, some of the 
radii and ulnae failed to develop anatomically or to ossify and merely enlarged 
to form an oval nodule of small-celled cartilage; most of the radii and ulnae 
had fairly well-shaped proximal ends, but owing to the difficulty of separating 
them cleanly from the carpus, the distal ends were either imperfect or associated 
with carpal fragments. The femur formed its pulley-like condyles, a head and 
sometimes a trochanter, though the primordium of the trochanter was often 
destroyed during dissection. In the explanted tibiae, the general outline and 
relative sizes of the ends were fairly normal. This capacity of the rudiments 
for self-differentiation has been discussed elsewhere (Fell, 1939, 1952). 

During the first 2 days in vitro, the development of the rudiments grown in 
medium containing 16.g/100 ml. of thyroxine resembled that of the controls, 
but by the 4th day the shaft of the femur, and often of the tibia also, was seen 
to be shorter than in the corresponding explants in control medium; the ends 
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were unaffected. With more prolonged cultivation, this difference between the 
T-treated and control rudiments increased in the tibiae and femora, and by 
the 6th day had also appeared in the humeri. On the other hand, there was 
_ no significant difference in shape between the T-treated and control radii and 
ulnae throughout the period of cultivation. | 

Histologically, the explants attained an advanced stage of differentiation. 
Controls fixed after 4 days’ cultivation showed a well developed region of 
hypertrophic cartilage and fairly broad zones of flattened cells which were 

already demarcated from the small-celled epiphyses; a periosteum enveloped 


Oday 0 day 8 days 


Humerus 


Radius 


| C 


Text-fig. 4, Camera lucida drawings of the living long-bones from the legs and wings of an embryo of 
group III. One of each pair was grown for 8 days in medium containing 16g thyroxine/100ml. | 
and the other in control medium. Note the differential effect of the hormone on the growth 

‘of the various rudiments; as compared with the controls, the shaft is much shorter in the 
T-treated humerus, femur and tibia, slightly shorter in the treated ulna, but longer in the 
T-treated radius. 


the shaft on which a thin layer of bone had been laid. In control medium 
(Pl. 1, figs. 3, 5), the density of the cartilaginous matrix rapidly increased and 
in the largest explants, especially in the tibiae, the chondroblasts in the middle 
segment, where hypertrophy had first appeared, were somewhat shrunken 
by the 8th day; in the embryo this part of the shaft would have been excavated 
at this stage and replaced by marrow, but in chick rudiments this does not 
happen in vitro. In the distal parts of the shaft, the hypertrophic cartilage was 
highly developed and the zones of flattened cells were now sharply bounded 
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from the epiphyses. The periosteal bone, though still a simple layer with only 
slight indication of a trabecular structure, was much thicker. 

The histological effects of thyroxine are summarized in Table 2. It will be 
seen that, as in the explanted blastemata, the different rudiments did not 
react to the hormone in the same way. All the humeri fixed after 4-6 days 
were better differentiated in the presence of thyroxine than in control medium ; 
after 7-10 days, however, the development of the controls had often caught 
up with that of the T-treated explants, and the degree of differentiation was 
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Time of cultivation (days) _ 

Text-fig. 5. Groups I and II: (a) and (6) represent the relative rate of growth of embryonic bones 
(femur and humerus) on thyroxine medium compared with that of the corresponding 


bone length on thyroxine medium 
rudiments on control medium. Ordinates represent on x 100: 


abscissae represent days of culture. (c) and (d) are average growth curves of embryonic 
femora and humeri on control medium (dotted lines) as compared with that of the corre- 
sponding bones on thyroxine medium (plain lines). Note the stimulation of the growth of 
the humerus during the first 6 days. During this period there was no increased growth of 
the femur. After the 6th day both femora and humeri on the thyroxine medium grew less 
well than the controls. 


either the same in both (6 pairs) or only slightly more advanced in the 
T-treated rudiments (8 pairs). In several of the humeri fixed at this stage, 
some of the hypertrophic cells were undergoing the characteristic type of 
degeneration described in the previous section and, especially at the periphery, 
the intercellular partitions were much thinner than in the controls; these 
changes were probably partly responsible for the diminished growth of the 
shaft seen in the ave cultures from the 6th day onwards. Four pairs of radii 
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(group III) failed to undergo chondroblastic hypertrophy in either medium; 
and in one pair hypertrophy appeared in the T-treated rudiment only. In all 
of the remaining 13 pairs hypertrophy was more advanced in the T-treated - 
_ than in the control rudiments.. In 3 pairs of ulnae also the cells failed to hyper- 
trophy and in 1 pair they enlarged only in the T-treated rudiment; in 12 of 
the other 15 pairs the thyroxine explants were the more advanced (Pl. 1, 
figs. 7, 8) and in the rest there was no difference. Regressive changes were seen 
in only 2 of the T-treated ulnae. 


Tasie 2. Groups III and IV 


Degree of maturation of cartilage . 
in pairs of rudiments 
Total A | 
Culture no, of Greater Same in Greater Absent 
period Rudiment pairs in T both ~ in C from both 
4-6 days Humerus 5 5 
Radius 4 2 2. 
Ulna 5 3 2 
Femur 5 1 2 2 = 
Tibia 5 3 2 
7-10 days Humerus 14 8 6 
Radius 14 12 _ — 2 
| 14 10 3 — oh 
Femur 8 7 1 
Tibia 8 1 7 


The degree of maturation (chondroblastic hypertrophy) in paired explants of isolated bone 
rudiments from 5} to 64-day embryos. 7' = medium + thyroxine 16g/100 ml.; C = control medium. 
For definition of groups see p. 429. One of each pair from the same chick was grown in T and the 
other in C. N.B. All the radii and ulnae showing no chondroblastic hypertrophy belonged to 
group IIT. 


The femur and tibia were more severely affected than the rudiments of the 
wing-bones. As described above, in the T-treated humeri the intercellular 
partitions in the hypertrophic zone, especially near the periphery, were some- 
times much thinner than in the controls; this effect was often very pronounced 
in the femora and tibiae, in which the peripheral chondroblasts appeared 
crowded together and were often separated by a mere film of matrix (Pl. 1, 
figs. 5, 6). In normal development hypertrophy spreads gradually from the 
interior of the shaft towards the surface, but under the influence of thyroxine 
_ this process appeared to be accelerated so that the peripheral chondroblasts 
enlarged prematurely, which reduced the production of matrix in this region. 
In the femur and tibia this effect was particularly noticeable at about the 

6th or 7th day; after this stage the difference between the treated and un- 
treated rudiments became less obvious, as the peripheral chondroblasts of the 
- controls had also enlarged while the intercellular partitions of the experi- 
mental explants had thickened somewhat, though remaining considerably 
thinner than those of the controls. The proliferative zones of flattened cells in 
the T-treated femora and tibiae were often much narrower than those of the 
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control explants; whether this was owing to a diminished mitotic rate, to the 


. premature hypertrophy of the flattened cells or to both these factors is not 


known, but this reduction of the proliferative zone was also partly responsible 
for the retarded growth of the diaphysis in the presence of the hormone. 
Although hypertrophy seemed to be accelerated at the periphery of the shaft 


in the femur and tibia, the chondroblasts, unlike those of the wing rudiments, 


sometimes did not enlarge as much as those of the controls and usually many 
were degenerate. | 

In all the rudiments, including the femur and tibia, the periosteal bone was 
usually as healthy and well developed as in the controls and sometimes more 
plentiful (Pl. 1, figs. 5, 6), 

To summarize the results of these experiments: in the humeri, chondro- 
blastic hypertrophy was at first stimulated, but later the rudiments sometimes 
underwent characteristic regressive changes; the radii were either stimulated 
or unaffected and so also were the ulnae, although occasionally regressive 
changes appeared towards the end of the culture period; the femur and tibia 
were more adversely affected by the hormone than the wing-bone rudiments 


but seemed to show some acceleration of differentiation at the periphery of 


the shaft. | 

One set of rudiments was grown in a higher concentration of thyroxine, 
viz. 400yg/100 ml. In the living cultures the treated femur attained only 
about two-thirds the length of its control and the condylar end was bent at 
an angle to the shaft; the T-treated tibia and humerus also were much shorter 
than those in control medium, but the length of the T-treated ulna was only 
slightly less than that of its control, and the T-treated radius was considerably 
longer than that in control medium. The explants were fixed after 6 days’ 
cultivation. The histological changes produced by thyroxine in the femur, 
tibia, humerus and ulna were similar to those described above for the lower con- 
centration, but more drastic. Many of the hypertrophic cells in the femur and 
tibia and some of those in the humerus and ulna were degenerate and, especially 
in the two leg-bones, the amount of intercellular material between the hyper- 
trophic chondroblasts was much reduced, though its metachromasia was 
normal. In the T-treated femur and tibia the zones of flattened cells had almost 
disappeared and they were much reduced in the humerus and ulna. The radius 
grown in the presence of the hormone was healthy and better developed than 
its control. Periosteal ossification was about the same in both sets of explants, 
but in the thyroxine medium many of the osteoblasts of the femur were 
degenerate. 

Growth. It will be seen from Text-fig. 1 that the rates of growth in the living 
embryo are much greater than those of the corresponding bones grown in 
control medium im vitro. In general, 8 days’ growth in tissue culture gives 
a length of bone produced in the living chick in times varying from 2 to 3 days. 
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The average rates of growth in Text-fig. 6 are composite and are based on» 
measurements of bones of groups III and IV cultivated both at the Strange- 
ways Laboratory and at Mill Hill. Seventeen pairs of femora, 25 pairs of 
tibiae, 27 pairs of humeri, 28 pairs of radii and 13 pairs of ulnae were so 
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 Text-fig. 6. Groups III and IV: the average growth of embryonic bones on control medium 
(dotted lines) as compared with that of the corresponding bones on thyroxine medium (plain 
lines). (16 wg L-thyroxine added per 100 ml. of medium.) Ordinates represent length of 
bones in mm; abscissae represent days of culture. Note the stimulating effect of the thyroxine 
on the growth of the radius. From the 6th day after explantation the growth is usually 
depressed by the thyroxine except in the case of the radius and ulna. 


Text-fig. 7. Groups III and IV: the average relative rate of growth of embryonic bones on 
thyroxine medium (16 ug L-thyroxine added per 100 ml. of medium) compared with that of 
the corresponding bones on control medium. Ordinates represent | 

bone length on thyroxine medium ‘ 

bone length on control medium | 

abscissae represent days of culture. Note the stimulation of growth of the radius. In the 
ulna, femur and tibia, the early stimulation of growth is small. During the later days all the 
bones on the thyroxine medium except the radius and ulna show a reduced rate of growth. 


100; 


_ measured. Text-fig. 7 records the average lengths of the T-treated bones as 
percentages of the lengths of the controls of groups III and IV on certain days 
' during the experiment. Both series of graphs show that the growth of the 
leg-bones (femur and tibia) was seriously retarded by the thyroxine after the 
first 2-4 days of incubation (statistically significant); even in the first 2-4 days 
_ the femur and tibia in these groups showed hardly any greater increase in 
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length under the influence of thyroxine. On the other hand, the average 
growth rate of the T-treated humeri was slightly, but significantly, above that 
of the controls for the first 2 days in vitro and then fell significantly below the 
control value between the 6th and 8th days. The T-treated radii grew more 


rapidly during the whole period of observation, but the increased growth was | 


only significant during the 0-2 days and the 6-8 days intervals. 

It is clear that the effect of thyroxine on the growth of the different ini 
ments of the same embryonic age varied greatly, the radii and humeri 
responding best to the stimulating effect of thyroxine as judged both by 
growth rate and chondrogenesis, although the increased growth was not 
maintained in the case of the humerus. The femora and tibiae were most 
susceptible to the harmful effect of thyroxine as measured by growth and 
showed only slight acceleration of chondrogenesis. 


DISCUSSION 
The object of the Sues ars described above was to determine the biological 
rather than the toxicological effects of thyroxine. It was therefore necessary 
_ to use concentrations of the hormone “6 ‘the same order as those present in the 
living animal. 

The amount of thyroid active sain tlate in fowl blood is not known, and the 
best available guide is probably the concentration said to be present in human 
blood. These estimates were made before the discovery by Gross & Pitt-Rivers 
_ (1952) of triiodothyronine as a thyroid constituent—a substance with greater 
biological activity than thyroxine—but the iodine content of this substance 
would be included in the following figures. It is evident that the actual human 
figures can only be a rough indication of the concentrations of these active 
principles in fowl plasma. Means (1948), quoting data supplied by D. 8. Riggs, 
says: ‘The serum protein-bound iodine of euthyroid individuals normally falls 
in the range of 3-5-7 »g./100 ml. (gamma per cent.). In hyperthyroidism it is 
above 8g. per cent. and may be elevated to 20 or 30g. per cent., although 
values of from 10 to 16g. per cent. are more usual. In hypothyroidism, 


values below 3-0 ug. per cent. are characteristic; in outspoken myxoedema the 


serum-precipitable iodine is commonly less than 1-0g. per cent.’ 

When these values for iodine are converted to those for thyroxine the 
following may be regarded as the approximate total iodine-containing active 
principle of human serum calculated as thyroxine: normal, 5-10g/100 ml.; 
hyperthyroidism, 12~45 1g/100 ml.; myxoedema, 1-5-4-5 ug/100 ml. 

_ It has been pointed out that the X, medium of the present work contains 
an added 16.g/100 ml. of thyroxine and medium X, an additional 1 »g/100 ml. 
Since the L-thyroxine was added to normal birds’ plasma which must have 
contained some thyroxine, on the assumption that this amount and that of 


_ the embryo extract are of the order of that present in human serum, the total 
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thyroxine content of X, medium must have been about 21-26 ug/100 ml., 
_ which would raise it to a concentration of human hyperthyroidic serum. The 
X, plasma, on the other hand, only had an additional 1yg/100 ml., which 
would increase its total amount to 6-11 1g/100 ml. and thus leave the plasma 


/ equivalent to that of a normal individual. It would appear, therefore, that the 


thyroxine content of the culture media fell within the limits normally met with 

in biological conditions and was not exceptionally high. 

_ _The results have shown that under these conditions thyroxine has a direct 
action on skeletal tissue in vitro, where all systemic effects are eliminated. The 

same concentration of the added hormone, e.g. 16yg/100 ml., may be in- 

effective, stimulatory or toxic according to the stage of differentiation of the 

tissue at the beginning of treatment and the particular bone rudiment exposed. 

We will consider first the stimulatory effect. In general, the young rudiments 
were more susceptible to stimulation by thyroxine than the older primordia 
and, as recorded in Table 1, the blastemata were affected even by the addition 
of a concentration as low as 1pg/100 ml. (X,). Of all the rudiments, the 
humerus responded best and differentiation was accelerated, not only in those 
explanted at the blastematous stage, but also in the older rudiments during 
the first few days of cultivation. Of the other wing-bones, the radii were 
occasionally stimulated in the blastemata and in all the older explants; the 
ulna was not affected in the blastemata but was often stimulated in groups ITI 
and IV. In the tibiae and femora maturation of the cartilage was sometimes 
hastened in the blastemata but only very slightly at the older stage. _ 

The older explants were more liable to toxic action than the blastemata, 
but here again the various rudiments responded differently to the same dose. 
Thus the leg-bones were always more severely affected than those of the wing. 
Of the wing-bones, the humerus was the most susceptible and next the ulna; 
the radius was the most resistant, and even when exposed to a concentration 
of 400 »g/100 ml., which produced regressive changes in all the other rudiments, 
it remained healthy during the period of the opens and was more highly 
differentiated than its control. | 

As stated above, Willier (1924) grafted fragments of thyroid gland on to the 
chorio-allantoic membranes of chick embryos in ovo, and noted emaciation of 
the entire chick and shortening of the limbs. Although the author gives no 

histological data, his results appear to agree with ours in that the leg-bones of 
the host were more affected by the graft than the skeleton: ‘when the host 
embryo is only slightly affected by the thyroid graft, the modifications show 
up most clearly in the legs’. 

On the other hand, when Beyer (1952) injected thyroxine into unincubated 
eggs, he found that the development and growth of the embryos were 
accelerated. It seems probable that the disparity between Willier’s and 
_ Beyer’s results is due to the fact that the former produced hyperthyroidism 
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during the later stages of development when, according to our observations, 
the hormone has an inhibitory effect on skeletal growth, while the latter sub- 
jected the embryo to the action of thyroxine at an early stage when our results 
suggest that the tissue is most susceptible to stimulation of development. 
Beyer states that the increase in weight of the treated chicks over that of the 
controls was greatest at 6 days and then diminished to hatching time. 

The variation in the response of different bone-rudiments to the same agent 
~ is an interesting phenomenon which was also encountered in earlier experiments 
on the effects of abnormally high concentrations of vitamin A on the explanted 
limb-bone primordia of 6-day chick embryos. Excess vitamin A affected the 
rudiments in the same order of severity as thyroxine, i.e. the most susceptible 
to damage was the femur, followed by the tibia, humerus, ulna and radius 
respectively. The histological effects of the two agents, however, were very 
different. Thus vitamin A did not accelerate differentiation in very young 
skeletal rudiments as did thyroxine; instead, either chondrogenesis was 
inhibited or else early cartilage developed but rapidly disintegrated owing to 
dissolution of the matrix (Fell & Mellanby, unpublished). In older 6-day 
rudiments, excess vitamin A caused the matrix to lose its characteristic 
metachromasia, while thyroxine did not alter the normal staining reaction of 
the intercellular material. Both agents reduced the production of matrix but 
this reduction was much greater with the vitamin than with the hormone. 

Why there should be this differential response of the long-bone rudiments 
to the same agent is not known. As described above, in normal embryonic 
development, the primordia of the long-bones differ from one another in both 
their histological development and growth-rate, but what physiological charac- 
teristics determine their response to thyroxine or vitamin A remain obscure; 
we can only say that the two rudiments which differentiate most slowly in vivo, 
viz. the ulna and radius, are the most resistant in vitro to the injurious action 
of the two agents. 

How far the effects of thyroxine on embryonic skeletal rudiments in culture 


are comparable with the clinical effects of hyperthyroidism on the post-— 
embryonic skeleton is doubtful. The clinical results show that, directly or 


indirectly, the hormone acts on bones in two ways. 

(1) Itis concerned in normal bone growth, so that when it is deficient growth 
and development are greatly retarded. 

(2) Excessive amounts cause osteoporosis which is said to be due to 
exaggerated osteoclasis without arrest of the calcifying process. 

The first of these two actions is physiological, and perhaps may be related 
to the accelerated maturation of cartilage seen in the present study. The 
second effect is pathological, is manifested in well-developed bone which is 
very different from the early embryonic material used in our — and 
probably has no counterpart in our results. 
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On the other hand, some of the effects obtained experimentally by the 
administration of excess thyroxine to young animals, are very similar to those 
produced in the explants in vitro. Thus the acceleration of the developmental — 
changes of growing bones and their premature ageing in treated animals, 
referred to in the introduction (Dott, 1923; Silberberg & Silberberg, 1938, 
1940; Simpson et al. 1950), appear to be essentially the same phenomenon as 
that seen in the embryonic bones in culture. 


SUMMARY 


1. Chick long-bone rudiments cultivated in vitro were affected by L-thyroxine 
added to the culture medium in amounts which fell within the limits en- 
countered naturally in the blood plasma in human hyperthyroid conditions. 

2. Two types of reaction were found: (a) a stimulatory effect on the matura- 
tion of cartilage, and (b) a toxic effect causing retardation of growth and 
cellular degeneration. 

3. The stimulatory effect of t-thyroxine, as seen histologically in the 
accelerated maturation of the cartilage, was more pronounced in rudiments 
explanted at the blastematous stage except in the case of the ulna, but also 
appeared in some of the older bone primordia during the first few days of 
cultivation. Different bones were stimulated to different degrees by the same 
concentrations of t-thyroxine. At the blastematous stage, the humerus 
responded best; in the older group the response was best in the humerus, 
radius and ulna and least in the tibia and femur. 

4. The toxic effect was most conspicuous in the older rudiments and during 
the later stages of cultivation. The leg-bones were more severely affected than 
those of the wing, the femur being slightly more damaged than the tibia. Of 
the wing-bones, the humerus was the most susceptible and the radius the most 
resistant. 

5. These experiments show that t-thyroxine acts directly on the skeletal 
rudiments when all systemic effects are eliminated. 

The research was partly supported by a grant from the Nuffield Foundation. 
The authors are indebted to Mr L. J. King (Strangeways Research Laboratory) and Mr R. J. 
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EXPLANATION OF PLATE 


(Photographs by Mr V. C. Norfield, Strangeways Research Laboratory) 
All the sections were stained with Delafield’s haematoxylin and chromotrop. The 
of figs. 1-4, 7 and 8 is indicated by the scale on the left, that of figs. 5 and 6 by the right-hand 
scale. 


Fig. 1. A control skeletal blastema from the wing-bud of an embryo of group I, after 9 days’ 
cultivation in control medium. The humerus shows no chondroblastic hypertrophy or 
ossification. 

Fig. 2. The opposite wing-blastema from the same chick after 9 days’ growth in medium containing _ 
16 »g/100 ml. of added L-thyroxine, The development of the explant has been stimulated; it 
is larger than its control, in the shaft of the humerus the cartilage cells have undergone 
hypertrophy and periosteal ossification has begun. 

Fig. 3. A control tibia from an embryo of group III after 6 days in vitro; the cartilage cells of the 
shaft have hypertrophied and periosteal bone has been formed. 

Fig. 4. The opposite tibia from the same embryo as the control shown in fig. 3, after 6 days in 
medium containing 16 yg/100 ml. of added L-thyroxine. The hormone has affected the tibia 
adversely; the shaft is much shorter than in the control, but shows chondroblastic hyper- 
trophy and periosteal ossification. 

Fig. 5. Cartilage and periosteal bone in the same section as that shown in fig. 3; after 6 days in 
control medium the hypertrophic chondroblasts are separated by broad partitions of matrix. 

Fig. 6. Cartilage and periosteal bone in the same section as that shown in fig. 4; after 6 days in 
medium containing added thyroxine, only narrow partitions of cartilaginous matrix have — 
been formed and the hypertrophic cells are crowded together. 

Fig. 7. Control ulna from the same embryo as the tibiae shown in figs. 3-6; 6 days in control 
culture. | 

Fig. 8. Opposite ulna from the same embryo as the rudiment shown in fig. 7, after 6 days in 
medium containing 16 »g/100 ml. of added L-thyroxine. The ulna is less susceptible to damage 
by the hormone than the tibia; the hypertrophic cartilage is rather more advanced than in 
the control, but the explant is otherwise unaffected. 
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CLASSIFICATION OF INTESTINOMOTOR DRUGS BY MEANS 
OF TYPE D BOTULINUM TOXIN 


By N. AMBACHE anp A. W. LESSIN 


From the Ophthalmological Research Unit (Medical Research Council), 
Institute of Ophthalmology, Judd St, London, W.C. 1 


(Received 27 April 1954) 


Evidence is presented in this paper in support of the view that the intestino- 
motor action of nicotine is neuronal in origin. It is well known that all types 
of autonomic ganglion cells, without exception, are excitable by nicotine. 
Since ganglion cells are present, imbedded in the wall of the gut, in very large 
numbers (20 x 10° in the cat; Sauer & Rumble, 1946), they may represent the 
principal drug receptor for nicotine. However, evidence is accumulating that 
nicotine can also stimulate (and paralyse) certain nerve endings, a type of 
action first observed by Coon & Rothman (1940) in human skin. The term 
‘neuronal’, used above, is therefore preferable to ‘ganglionic’ in describing 
the mode of action of nicotine, as it covers the possibility of nerve-ending 
effects. 

The question whether subsidiary nicotine receptors also exist in theintestinal — 
muscle fibres proper has been examined from time to time by various authors, 
_ principally on deganglionated strips of cat’s circular muscle (Magnus, 1905; 
Gasser, 1926; van Esveld, 1928; Evans & Schild, 1953a, b). Such strips, even 
when free from ganglion cells, cannot be considered as a pure smooth muscle 
system since they contain a full complement of nerve endings, and Gasser 
has drawn attention to the occasional presence of vagrant ganglion cells in 
preparations of this kind. Nevertheless, it is interesting to note that a high 
proportion of such strips are not contracted by nicotine, in contrast to the 
unfailing response of normal, ganglion-containing, preparations. Neither 
Gasser nor Magnus could find evidence of stimulation. In van Esveld’s 
experiments twelve out of thirty preparations responded to nicotine base, 
but only four out of twenty to the tartrate. In Evans & Schild’s experiments 
six out of nine strips failed to respond to nicotine. 

The present work is based on a pharmacological approach to this problem, 
using type D botulinum toxin. The toxins of the Clostridium botulinum group 


of organisms are known to be powerful nerve-ending poisons, especially at 
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cholinergic endings. Studies of the derangements in physiology which are 
produced by these toxins have been carried out mostly with type A toxin 
(less commonly with type B); but preliminary experiments on the eye with 
type D, performed in this laboratory, have shown that it appears to act like 
A and B by paralysing nerve endings. Although the intimate nature of this 
paralysis is still open to further inquiry, it is clear that the end-result of 
botulinum poisoning is a failure of transmitter release at the nerve endings 
during excitation of the nerve trunk, On the other hand, it is fairly certain, 
from several investigations by different groups of workers and also from the 
results below, that the paralysis is confined to the nerve endings and that 
effector cells, whether muscle (skeletal and plain) or gland cells, continue to 
respond to electrical and to pharmacological stimuli. The toxin can therefore 
be used to achieve a state of physiological denervation of these effector cells. 
For laboratory use type D toxin presents the advantage over A and B of being 
relatively innocuous by mouth (Gunnison & Meyer, 1930), and can be added 
to the organ-bath in relatively high concentrations in order to obtain rapidly 
the effect of botulinum poisoning on the gut. It is possible after a single 
application of toxin to obtain within half an hour a preparation which remains 
‘denervated’ for the rest of the day. This procedure is a much simpler and 
more reliable method for studying drug actions than injecting the toxin under 
the serosa of the intestine, the method practised previously with toxin A. 
The earlier technique was applicable to rabbits but not to guinea-pigs, because 
of the difficulty in that species of injecting toxin without intestinal perforation. 
A further advantage of the present in vitro procedure is, therefore, its appli- 
cability to the guinea-pig ileum. 

This property of the toxin has been exploited in the present investigation. 
It was presupposed that, after the paralysis of intestinal motor neurones, 
substances possessing a predominantly neuronal action would become in- 
effective, whilst those acting principally on the muscle fibres would continue 
to exert their usual action. The results presented in this paper show to what 
extent this expectation has been fulfilled. They illustrate the use of this toxin 
for the classification of intestinomotor drugs, and confirm the view that the 
stimulant action of nicotine (as also of 1:1-dimethyl-4-phenylpiperazinium 
and of the m-bromopheny! ether of choline) can be regarded as predominantly 
neuronal. During the course of this work further evidence has been obtained 
of the ‘indirect’ component, described previously (Ambache, 1946), in the 
responses to BaCl,, KCl and eserine; and also, in the rabbit gut, to histamine. 


METHODS 
Intestinal preparations of known location are obtained as follows. Adult guinea-pigs and rabbits 
are killed by a blow on the back of the neck. The whole of the small intestine is removed for measure- 


ment of the pylorocaeca] distance. A segment is then chosen for the preparation and excised 
after noting its distance from the pylorus. 
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The gut is suspended, with the ends open, between hooks of 300. platinum wire. One of these 
hooks (D in Fig. 1) is mounted permanently on to a small frame made of stainless steel wire 
(0-9 mm thick) bent into the shape shown in the figure. When compressed between the fingers at 
A and B the frame can be inserted, with the preparation already mounted, into the mouth of the 
organ-bath, and is then pushed down to the bottom of the bath by pressure on the handle C. 


195% O14+5% 
Fig. 1. Diagram of organ-bath and stainless steel wire frame (ABC) with the platinum 
hook (D) for suspension of the intestine. For explanation see text . 


The springiness of the frame at A and B against the wall of the glass bath holds it firmly in 
position, B is bent slightly inwards to avoid scratching the glass bath when the frame is removed 
at the end of the experiment. 

Of two glass organ-baths in common use one has a volume of 9-8 ml.; the other, 11 ml. Two 
smaller 5 ml. baths have been used in a few rabbit experiments (where stated), in order to economize 
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toxin. The stem of each organ-bath is made of thick glass capillary tubing. It is used for oxygena- 
tion, and also serves to anchor the bath into the floor of the tank by fixation through a tight 
rubber bung. Bath fluid is renewed by turning the vertical tap (2) which is connected to a circuit 
consisting of (a) 21. aspirator bottle raised to a height of 80 cm, (b) 300 ml. reservoir and (c) a 
warming coil. The reservoir and coil are immersed, together with the organ-bath, in a glass-sided 
water tank (Palmer’s F110) thermostatically controlled to +0-5° C. The tap and the top 1 cm 
of the organ-bath project above the water-level in the tank. Opening the tap for 10 sec renews 
the bath fluid 8 times. 

Once in the organ-bath the preparations vary in the amount of mucus secreted. When this is 
copious it is convenient to flush the gut out in situ with a stream of warm Tyrode’s solution 
squirted into the lumen at the top end of the preparation; this stream is delivered from a syringe 
fitted with a blunt needle (1-5 mm outer diameter). 

Duplicate experiments. In some experiments twin preparations from adjoining intestinal 
segments were set up simultaneously in separate organ-baths. Only one of these preparations was 
treated with toxin solution; the other, serving as a control, was treated with an equal volume of 
the solvent. Otherwise the two preparations were treated similarly. 

Rabbit longitudinal muscle strips. Details of this preparation are given elsewhere (Ambache, 1954). 

Cat circular muscle strips. The material is obtained from cats decerebrated under ethyl! chloride 
and ether. After allowing }-1 hr for exhalation of the volatile anaesthetic, the gut is excised 
and placed in Tyrode’s solution at room temperature. A 5 cm segment is drawn over a glass rod 
of tight fit. A scalpel incision is made through the longitudinal muscle, at right angles to it. The 
incision is extended round the circumference of the gut. At the edge of this incision the longi- 
tudinal muscle can be picked up with fine forceps and is peeled away in strips 2-3 mm wide and 
5 cm long, leaving bare the underlying circular muscle. Scraping of the circular muscle is avoided. 
A second incision, also circumferential, is now made through the circular muscle down as far as 
the submucosa, recognizable by its distinct consistency and appearance. The plane of separation 
between these two layers having been found and slightly extended, it is then an easy matter to 
separate the circular muscle from the submucosa and to remove the whole of it as an intact sheet. 
Strips 2cm long by 3-4 mm wide are cut from the middle of this sheet, well away from the 
traumatized edges. 

Two preparations were made in this way, but in a third the preliminary removal of the longi- 
tudinal muscle layer was omitted; in other words, the innervation from Auerbach’s plexus was 
deliberately left intact. Similar results were obtained on all three preparations. 

T'yrode’s solution, The composition of this has been modified as follows (per litre): NaCl, 8 g; 
KCl, 0-2 g; CaCl,, 0-2 g; NaH,PO,, 0-05 g; glucose, 1 g; NaHCO,, 1-1 g; aerating gas-mixture 
95% 0,+5% CO,; pH 7-2. The low pH is intended to minimize the loss of toxicity which 
botulinum toxin is known to undergo in alkali. Magnesium is deliberately omitted from this 
solution, as it is known to produce an effect similar to that expected from botulinum toxin, i.e. 
to depress acetylcholine release at cholinergic nerve-endings (Hutter & Kostial, 1953) 


Botulinum toxin 

(a) Advantages of type D for laboratory use. Laboratory accidents with botulinum toxin may 
arise through the inhalation and swallowing either of fine particles of toxin powder or, conceivably, 
of the mist emitted from an organ-bath containing toxin in solution; alternatively, by cutaneous 
absorption of toxin into needle-pricks or cuts. Of these possibilities the first is the likelier, and the 
danger from this source can be greatly reduced by the use of type D_toxin. The danger from the 
second alternative exists with all types of botulinum toxin and should be guarded against by 
active immunization with toxoid. We have used, without untoward effects, a toxoid from South 
Africa intended for the immunization of cattle. 

That type D toxin can be relatively innocuous by mouth was first shown clearly by Gunnison & 
Meyer (1930). They found that ‘it required only twice as much type B toxin to kill guinea-pigs by 
feeding as by subcutaneous injection, 10 x as much for mice, and 5 x as much for rabbits’. On 
the other hand ‘ type D toxin was relatively inactive by mouth, requiring 1000, 2000 and 3000 


su 
By 
‘a 
a 


BOTULINUM D ON INTESTINOMOTOR DRUGS 453 


subcutaneous lethal doses to kill guinea-pigs, mice and rabbits respectively’. This appears to 
apply also to monkeys; these animals, while succumbing to 100 (guinea-pig) m..D. of type B 
toxin orally, could survive the ingestion of up to 200,000 m.u.p. of type D. On the other hand, 
goats were very susceptible to type D as are other ruminants, judging from the high incidence of 
jamziekte (cattle botulism) in South Africa. 

The oral toxicity of type D toxin to man is, as in monkeys, probably very low. According 
to Gunnison & Meyer (1930) type D botulism is unknown in man. This is also evident from the 
following personal communication for which we are indebted to Dr M. Sterne: ‘Under the 
primitive conditions existing in parts of South Africa human beings may eat carcasses of animals 
found dead in the Veld. Although in some areas and at certain seasons such carrion is almost 
invariably highly toxic to cattle and heavily contaminated with type D, no human cases of 
botulism have been encountered.’ 

(b) Experimental details, We have used for our experiments a batch of type D toxin which was 
prepared at the Onderstepoort Veterinary Laboratories, Pretoria, from cultures grown in intus- 
suscepted cellophane tubes (Sterne & Wentzel, 1950); the toxin was purified as described by 
Wentzel, Sterne & Polson (1950) and then freeze-dried with a considerable loss of toxicity. The 
final product was still, however, more toxic than any of the type A toxins used by one of us 
hitberto. It was sent to us as a yellow powder, finely ground, through the courtesy of Drs Sterne 
and Wentzel. We are indebted to them for the following particulars: total N content, 0-17 mg/mg 
dry toxin; protein N , 0-068 mg/mg toxin. An LD,, determination carried out in this laboratory 
in May 1951, gave a toxicity value of 0-1 mug/20g mouse. Thus 1 mg corresponds to 10’ mouse 
LD,,. The toxin has been stored in a desiccator at room temperature since then. 

Before administration a weighed amount of toxin was dissolved in as small a volume as possible 
of a buffer consisting of 1% Na,HPO, and 0-2% gelatin, acidified with HCl to pH 6-95. It was 
then diluted with 0-9% NaCl solution and stirred. The aim has been to administer doses of toxin 
of the order of 0-5-3 mg dissolved in 0-1—0-2 ml. of buffer saline. The final concentration of toxin 
in the organ-bath was of the order of 0-5-3 x 10° mouse LD,,/ml., i.e. over 1000 x the concentra- 
tion of types A or B used to paralyse phrenic-diaphragm preparations by Burgen, Dickens & 
Zatman (1949). The toxin was left in the organ-bath for periods varying from 5 to 29 min (most 
commonly 10-20 min). Just before the introduction of toxin the fluid-level in the organ-bath was 
usually lowered to a known volume by removing 1-3 ml. of bath fluid with a syringe. A cylindrical 
celluloid screen was clipped on to the rim of the organ-bath and projected 7-8 cm above it as 
a barrier preventing stray droplets, expelled from the bath by the aerating system, from con- 
taminating the air. At the end of the exposure the toxic bath fluid was removed by means of 
a syringe and the bath was immediately refilled with fresh Tyrode’s solution. The action of 
botulinum toxin is affected by temperature; this, though constant to +0-5°C in any given 
experiment, has varied in different experiments within the limits of 35-38-5° C. 

For the majority of our experiments the toxin was dissolved immediately before use. But when 
supplies of the toxin began to dwindle it was more economical to dissolve enough powder to last 
for several experiments and to store the buffered solution of toxin at - 15° C, in one instance for 
as long as 21 days without apparent loss of efficacy. 

All contaminated glassware and instruments, and the toxic bath fluid, were placed in a shtation 
of NaOCl for decontamination. 

Drugs. Dosages of drugs are given in terms of their respective salts, except for histamine doses 
which refer to the base. Injection volumes varied between 0-05 and 0-4 ml. (usually between 
0-1 and 0-2); contact periods of 30 sec were allowed unless otherwise stated. 

Nicotine was used in the form of the hydrogen tartrate. We are indebted to Dr 8. Wilkinson 
of the Wellcome Research Laboratories, Beckenham, for a gift of pure natural muscarine chloride, 
sent through the courtesy of Dr J. W. Trevan. Dimethylphenylpiperazinium (DMPP) was in the 
form of the iodide salt; m-bromopheny] ether of choline (MBF) as the bromide; §-methylfurfuryl- 
trimethyl onium as the iodide; BW 284C5] as the dibromide. For these drugs we are indebted, _ 
respectively, to Dr G. Chen (Parke Davis, Detroit); Dr P. Hey, Leeds; Dr H. R. Ing, Oxford; and 
Dr F. C, Copp, Wellcome Laboratories, Beckenham. 
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2268F («f-ethylal-y-trimethyl diol) was in the form of the iodide; barium, 
as BaCl,.2H,0; earls, ents sulphate; histamine, as the acid phosphate. 


Measurement of contraction heights. In many of our guinea-pig experiments the absence of — 


rhythmic activity gave a flat base-line in the tracings; in these, contraction heights were measured 


in millimetres from the base-line to the peaks. In other guinea-pig tracings the base-line was _ 


marred by variable rhythmic activity. 
of measurement adopted was that illustrated in Fig. 2. 


Fig. 2. Method weed foe contraction baights (A) 


PART I CHANGES IN PHARMACOLOGICAL RESPONSES 


RESULTS 

Group A. Substances with an entirely or predominantly ‘neuronal’ action 
Nicotine 

Guinea-pig ileum. Our results confirm the constancy of the drug response in 
this preparation by showing that the longitudinal contraction to 10-25 yg 
nicotine can be elicited for 4-7 hr. On the other hand, after preparations are 
treated with type D botulinum toxin the motor response to nicotine dwindles 
rapidly and eventually disappears. This is illustrated in the experiment of 
Fig. 3, where the preparation was tested throughout the 4 hr of the experiment 
with fixed doses of nicotine (10g) alternating with a control drug, in this case 
muscarine (dose 0-05 ug). To begin with (A-F) these two doses were approxi- 
mately equi-active on the preparation. The gut was then exposed for 15 min 
to 2-7 mg=27 million mouse LD,, of toxin. As soon as the toxin was washed 
out testing was resumed with muscarine and nicotine in alternation. Whereas 
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the response to muscarine remained unaltered to the end of this experiment, — 
there was soon clear evidence of a neuroparalytic change occurring in the gut. 
This was shown by the progressive decline in the nicotine response (see ¢ on- 
tractions H, J, L, N, O, Q and 8), culminating in its extinction at V, 100 min 
from the introduction of toxin. At this stage twice the original dose of nicotine 
(20 ug at X) was also ineffective, but 100ug elicited the response shown at Z. 


27 X10’ LDw toxin for 15min 


Time (min) 


Fig. 3. Guinea-pig ileum; longitudinal recording. A-F, initial matches between muscarine and 
nicotine. Following the 15 min exposure to 2-7 mg (2-7 x 10? mouse LD,,) of toxin D, there 
is a gradual e&tinction of the nicotine response; the response to muscarine remains unaltered. 
Drum stopped at for 10 min. Times below in min, M=0-05yg muscarine; NV = 10 yg 
nicotine. 


However, even this dose of nicotine, 10 x the original, gradually lost its efficacy 


during the next 2 hr, until finally the gut failed to respond to any dose of 
nicotine in the range 10-100 yg (see B’, D’ and F’), though fully capable of 
powerful contractions when tested with muscarine. In all experiments of this 
type the extinction of nicotine responses occurred later for the higher test dose 


than for the lower. In one experiment the preparation finally failed to reepond 


even to 65x the original dose of nicotine. 

The tracings in Fig. 3 are necessarily a condensed version of this experiment, 
but the complete results are shown graphically in Fig. 4, where contraction 
heights in millimetres have been plotted against time. This illustrates both the 
time course of the nicotine decline and its relation to the previous application 
of toxin. Whether the toxin was administered at an early stage of the experi- 
ment as in Fig. 4, or later, it has never failed to reduce the response to nicotine, 
frequently to zero, or, failing that, to a mere fraction of its original height as 
in Fig. 11. Total extinction of the nicotine response occurred in fifteen out of 
twenty-six experiments (dose 0-4-2-7 mg); the extinction time varied usually 
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between 30 and 100 min. In eight of the remaining experiments the response 


to nicotine was reduced to <3% of its original value and in the three others _ 


to 4-7%. 

ideas feature illustrated in Fig. 4 is the irreversibility of the paralysis, 
which is a known characteristic of the other neurotoxic effects of Cl. botulinum. 
This has been found in all of the twenty-six experiments and applies for 
periods of up to 44 hr, the longest time interval after toxin to be studied in the 
present series of experiments. 


140 

130 

120 

110 \ 

100 
90 \ —@005g muscarine 
pg nicotine 
2: 70 
oa 100 yg nicotine 
50 

40 £ 

30+ 18 

20+ 

10+ |e 


Time (min) 
Fig. 4. Graphic representation of the results obtained in the experiment of Fig. 3. 


The exposure time has been as brief as 5 min in two experiments, both with 
1 mg of toxin. In one of these such treatment was adequate to reduce the 
nicotine response to 3-5% of its original height after 35-40 min, complete 
extinction occurring within 146 min. In the other the reduction was only to 
42°%, at 56 min, necessitating a second application of toxin. It has therefore 
been more usual to prolong the exposure time to 10-20 min; even so, there 
have been variations in the rate of paralytic decline. For instance, in a third 
experiment (with 1-1 mg of toxin) 10 min exposure reduced nicotine responses 
only to 30% within 46 min. In this experiment and in several others the first 
response to the standard test dose of nicotine, 5 or more min after toxin treat- 
ment, was still unaltered, the usual decline beginning thereafter. This illustrates 
again the latency in the action of botulinum toxin, which has been reported, 
for type A, by Burgen et al. (1949). i 

Rabbits. In four ‘duplicate’ experiments of the type illustrated in Fig. 5 
the response to 15-20 ug of nicotine persisted for 44-6 hr from the time the 
preparation was suspended. On the other hand, in all of nineteen experiments 
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the application of type D toxin for 15-29 min (average 19 min) was followed, 


as in guinea-pigs, by evidence of irreversible neuroparalytic changes, i.e. by 
loss of the motor response to nicotine or by its reversal (see Fig. 15J). The 
dose of toxin has been 1-2-2-08 mg in nine of the experiments, but was reduced 
to 0-3-0-85 mg in seven others and to 0-16 mg in the remaining three (5 ml. 
bath); the test dose of nicotine was 20g in eleven of the experiments and 
5-30ug in the rest. The time for maximum paralysis has been 30-75 min in 
eight of the experiments and 89-141 min in five others. 


100 
90 
80 > 
= \ 
30 &-15ugN | (toxin) 
10+ &-154gN (control) 
SCR 


Fig. 5. Duplicate experiment on adjoining segments of rabbit mid-ileum. Preparations suspended 
35-40 min before zero time on the graph, Simultaneous testing with nicotine (N) and 
acetylcholine (ACh) in alternation. During the 15 min exposure period preparation A was 
treated with 0-72 mg of toxin D, dissolved in 0-026 ml. buffer+0-174 ml. 0-9% NaCl; 
preparation B (control), with the same volumes of buffer saline. 


As in guinea-pigs the decline of the nicotine response was always related to 
the preceding treatment with toxin, whether this was administered early or 
late in the experiment. The course of this decline is shown in Fig. 5, from 
a duplicate experiment. In two other experiments of this kind after prepara- 
tion B had served as a control to A for a sufficiently long time it was then itself 
treated with toxin, with the usual result. 

Reversal of the nicotine response occurred in eight toxin-treated prepara- 
tions. In six, inhibition could be elicited with the same dose of nicotine 
(10-20 ug) as had been used initially to contract the gut; in a seventh, with 
20 ug but more markedly with 100-200 yg; and in the eighth, with 50 ug. This 
reversal was noted previously after toxin A. 

Rabbit longitudinal muscle strips. All of ten strips responded repeatedly to 
nicotine (2-20 ug). Two of these were treated with toxin, one with type D, the 
other with type A. In the first, after 15 min exposure to 1:5 mg of type D— 
(1-5 x 10? LD,,), nicotine responses declined rapidly as usual to <2% in 


Ly 
a? 
a 
fy 
i 
ae 
id 
a 
By 
4) 


458 AMBACHE AND A. W. LESSIN 


30 min. In the second there was, during the 2 hr period following a 50 min 
exposure to 1-8 mg of the less active type A toxin (=2-7 x 10° LD,o), only 
a slight reduction in nicotine responses and potentiation of acetylcholine. 
Cat circular muscle strips. In all of three preparations motor responses were 
obtained ‘repeatedly to 15-100ug of nicotine before treatment with toxin. 


Following exposure to 0-36-0-56 mg of toxin D for 15-21 min there was, after 


the characteristic latent period, the usual decline in motor responses to 
nicotine, which were completely paralysed or reversed within 87-146 min. 


£ 
5S. 
O 
ACh ACh 
Mg 300 15 1§ 05 15 30 O05 
Time(min)O = £8 2 
Min after toxin-O 16 57% 86} 97 100 | 


Fig. 6. Reversal of nicotine response in a cat circular muscle strip after 16} min exposure to 
0-56 mg toxin D, Dosages and times as given. Drum stopped at intervals between doses. 
For explanation see text. 


Reversal occurred in two preparations, in one of which the longitudinal muscle 
had not been stripped; there was no sign of motor recovery for a further 
24-34 hr after nicotine reversal. 

Fig. 6 was taken from one of the two experiments in which the longitudinal 
muscle had been removed from the strip. Before the application of toxin this 
strip responded repeatedly to 15g of nicotine (e.g. at C) and also to the 30 ug 
dose at A. Following the administration of toxin, the first three responses to 
the 15 ug dose, including D at 574 min, were greater than any before toxin but 
fell rapidly thereafter. At 86} min reversal had occurred and 15 yg of nicotine 
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now produced marked inhibition (F). The inhibitory effect of 15 ug at 97 min 
(H) was less than at F, but that of 30.g at 100 min was greater (I). Thereafter 
the response to nicotine remained inhibitory for 3} hr; it could be blocked by 
1 mg of hexamethonium. The potentiation of acetylcholine responses shown at 
E, G and J persisted to the end of the experiment. 

After advanced paralysis with toxin pre-treatment with barium (0-5-2 mg 
in one experiment and 0-2 mg in another) enhanced the rhythmic activity but 
did not promote the reappearance of motor-responses to nicotine. Nicotine 
remained inhibitory even in the presence of coma 


1: todide (DMPP) 


1:1-Dimethyl-4- 


The ganglion-stimulating properties of this compound were discovered by 
Chen, Portman & Wickel (1951). The present experiments with toxin D show 
that DMPP can be grouped with nicotine as having a predominantly neuronal 
action on the gut. It can be used in approximately the same dosage as nicotine 
to produce powerful contractions of the guinea-pig’s intestine, which are 
shown in Fig. 7. In this experiment the initial response to 13 ug of DMPP was 
consistently greater (at B, D, F and H) than that to 5 mug of 5-methyl- 
furmethide (at A, C, E and G), which was used here as a substitute for 
muscarine, After treating the gut with 28 million mouse LD,, of toxin for 
18 min the response to DMPP declined rapidly (J, L to R) almost to zero in the 
first. hour, At this stage the dose of DMPP was raised tenfold to 130g at T. 
The response to this higher dose also declined gradually at V and X and 
during the next 90 min until finally the gut failed to respond (Z—D’) to either 
dose of DMPP, though still capable of full-scale contractions when stimulated 


by the furmethide. The tracing also shows that the furmethide response was 


slightly reduced during the 14-2 hr after the administration of toxin but 
potentiated thereafter. There was no substantial recovery of the DMPP 
response up to 6} hr from the time ministration of toxin. 

Towards the end of some experiments the tone of the preparation imerensed 
sufficiently to reveal the fact that the effect of DMPP was not only abolished 
but actually reversed; for instance, the last three doses of DMPP in the 
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experiment of Fig. 9 produced distinct relaxation of the gut. DMPP reversal 
after toxin D has also occurred in a corresponding experiment on a rabbit 
preparation, and in another experiment after subperitoneal administration of 


type A toxin im vio. 


02------ — —% -110- 425 14 
Time 

Fig. 7. oaekae ileum. Initial responses to DMPP greater than those to 5-methylfurmethide. 
Gradual extinction of the DMPP response (both to the initial dose and to 10 x that dose) 
following an 18 min exposure to 2-8 mg of toxin D. The response to the furmethide is slightly 
depressed at first but later potentiated. F =5 myg 5- methylfurmethide; D=13 ug DMPP 
(Dt =26 ng; D* =130 ug). 


28X10 toxin for 18min 


m-Bromophenyl ether of choline (MBF) 


m-Bromophenyl 
ether of choline 


Earlier work has shown that the action of this substituted ether of choline, 
synthesized by Hey (1952), presents many similarities to that of nicotine. 
In rabbits’ intestines this action is abolished or reversed after in vivo sub- 
peritoneal injections of type A toxin (Ambache & Robertson, 1953), The 
present experiments have been confined to guinea-pigs’ intestines. In all of 
seven experiments treatment with toxin D in vitro produced a rapid decline 
in the MBF response of the same type as that seen in the experiments with 
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nicotine and DMPP. In one of the seven experiments the responses to MBF 
were abolished, whereas in the other six small contractions were retained. 
This is shown in Fig. 8 from an experiment conducted on ‘twin’ preparations 
from adjoining segments, one of which served as a control to the other for the 
first 4 hr of the experiment, The MBF response remained undiminished in the 
control preparation (not shown in Fig. 8) until the latter was itself treated 
with toxin. As shown in Fig. 8 the response to 10 ug of MBF fell to 5% of its 
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Fig. 8. Guinea-pig ileum; preparation equidistant from pylorus and ileocaecal valve. Decline of 


the response to 10 ug MBF after 15 min exposure to 2 mg toxin D. satus bageibadesoptin ra 


original height within 33 min of the administration of toxin, and later to 
2-3%. At the end of the experiment, 4-5 hr after toxin, there was a noticeable 
potentiation of acetylcholine, and at this stage responses to 10 ug of MBF also 
showed a slight increase to 5-7°%. It is of interest that the response to 100 ug 
of MBF, 10 x the original dose, was practically the same as the 10 ug response 
during the last 2 hr of the experiment. This would suggest that the residual 
effect of the MBF was not due to any underlying ‘muscarinic’ component in 
its action, but rather to a stimulation of a few unparalysed motor neurones 
still functioning in the preparation. In favour of this second alternative the 
supporting observation was made that the response to nicotine (15ug) was 


- incompletely extinguished in the same preparation. 
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Group B. Substances acting principally on the muscle fibres 


Muscarine, acetylcholine, 5-methylfurfuryltrimethylammonium iodide (5M F) 


and 2268F 


In every experiment of this series at least one of these four compounds has 
served as a control to the drugs in ‘Group A’. Apart from minor points of 
difference the four compounds could be used interchangeably. Their use 
singly has already been illustrated as follows: muscarine in Figs. 3 and 4 and 
5MF in Fig. 7. An experiment with 2268F is shown in Fig. 9, where it has 


\ -—& 204g DMPP 
\ O2pg 2268F 
0 a 
OSRRERSRERS 
| Time (min) 


Relaxations 
Fig. 9. Experiment on guinea-pig ileum showing the decline; after # 10-min exposure to 23 mg 
of toxin D, of the DMPP-response and its eventual reversal. The control drug was 2268 F. 
This was so greatly potentiated after toxin that, for the responses to remain on scale, the 
testing dose had to be reduced from 0-2 ug (@) to 0-15 yg (()). 


heen. sontrastad with will be that the of 


2268F after toxin was so great in this experiment that the testing dose had 
to be reduced from 0-2 ug, the response to which was off scale after 100 min, 
to 0-15 yg. 

An experiment in which all four compounds were examined together ii is 
illustrated in Fig. 10. It will be seen that except for the greater potentiation 
of 2268F there was in this experiment no significant change in the response 
_ to the drugs of this group after treatment with toxin adequate to paralyse 
the response to nicotine (and to BaCl,). When compared on the guinea-pig’s 
ileum, weight for weight, muscarine was either equi-active with acetylcholine 
or slightly less active; 2268F was about twice as active. The most potent 
compound in this group was undoubtedly 5MF (Ing, Kordik & Tudor-Williams 
1952) which was in some experiments 20 times more active than acetylcholine 
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on the guinea-pig’s ileum; in the experiment of Fig. 10 the threshold concen- 
tration of 5MF was 3 x 10-”, 


5-Methylfurmethide 


I 


Most of the drugs in this group are known to be ganglion stimulants on the 
cat’s isolated superior cervical preparation. A ganglionic action of acetyl- 
choline on the intestine may well have been overshadowed by the powerful — 


a—15pgN &--Smpg SMF 

@—04mg BaCl,. *—005ug 2268 F 
O— 01 ug ACh 

40-15 ug Muse 


- 


Response (mm) 
es 


Time (min) 
0 60 
Fig. 10. Goinen-sig lefennni. Effect of 15 min exposure to 1-7 mg of toxin D. The responses to 
_ acetylcholine, muscarine, 5-methylfurmethide, and 2268F are either unaltered or potentiated ; 
the effect of nicotine is abolished as usual, and that of 0-4 mg BaCl,.2H,0 almost 


extinguished. 

direct action on the muscle fibres. Occasionally, however, evidence was 
obtained of a ganglionic component in the acetylcholine response, as, for 
instance, in the duplicate experiment of Fig. 11. In this experiment the 
response to acetylcholine was greater in preparation A than in the control B; 
but after the toxin treatment of A, acetylcholine responses were smaller in 
A than in B for the rest of the experiment. This type of result may be masked 
by the potentiation of acetylcholine responses frequently observed after 
toxin treatment. 

A further point arising from this and other experiments is the fact that the acetylcholine curves 
in Fig. 11 display ‘serrations’ (more noticeably in A, especially before toxin). The serrations appear 
to be caused by some form of post-nicotine inhibition, perhaps due to a phenomenon of the type 


described by Cantoni & Eastman (1946). Reference to Fig. 11 shows that the recurrence of these 
depressions in the acetylcholine response can 
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It is evident from these results that, because of its lasting nicotine insensi- 
tivity, the toxin-treated guinea-pig ileum would be a suitable preparation for 
the assay of acetylcholine in perfusates or extracts which may also contain 
added nicotine. 


Histamine 

Guinea-pig intestines. Treatment with toxin adequate to abolish nicotine 
contractions did not affect the response to histamine in seven out of eight 
exp#fiments. In the eighth, histamine responses were depressed, for the first 
100 min after toxin, to a greater extent than previously equivalent acety]- 
choline responses; later the histamine responses were restored to their original 
level. Unaltered histamine responses after toxin are illustrated in Fig. 12 at 
N, 8 and W. 


Hisaies Group ©. Substances with a dual action 
istamine 

Rabbit intestines. The dose of histamine has been 2-5-20ug and was ad- 
ministered for 45 or 60 sec. Under the conditions of our experiments (prepara- 
tions from 2 kg rabbits) two components were detectable in the response to 
histamine. There was first a small increase in tone and augmentation of 
pendulum movements, beginning within 5-10 sec. The second component 
consisted in a powerful contraction spasm, over and above pendulum move- 
ment height, beginning after 20-30 sec. The difference in delay between the 
two components is discernible at the upward arrows in Fig. 13B and D (both 
traces). After the preparation has been in use for several hours the second 
component may undergo spontaneous decline; in a few preparations it was 
weak or absent from the start. Tachyphylaxis may occur when doses aré too 
closely spaced, and once the response to 20g was less than that to 10yg 
administered 3 min earlier. Intervals of at least 10 min were therefore allowed 
between histamine doses. 

Treatment with toxin abolished the second component in all of five experi- 
ments on single preparations and in three others conducted in duplicate. 
One of these is illustrated in Fig. 13, where the initial response to 2-5yg of 
histamine was approximately equal in the two preparations (delays of 27- 
36 sec). After 2 or 3 hr, the histamine responses at F and H were greater than 
ever in the control preparation B, but virtually extinct in the toxin-treated 
segment A. This occurred within 62 min of toxin treatment as shown in the 
upper trace at F, where the response to histamine now consisted of the weak 
first component without the second. From these results the action of histamine 
on the rabbit gut appears to be predominantly neuronal as shown previously on 
_ the cooled gut (Ambache, 1946), but has been classified in ‘Group ©’ because 
of the weak residual component seen after toxin treatment. 
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130 A Off scale 
120 
110 
100} 
— 80}- 
70 
60 
40 N (toxin) 
30 ACh Prep. B 
20 c a-15ugN (control) 
10 
Time (min) 
0 60 120 180 240 


Fig. 11. Duplicate experiment om adjoining segments of a guinea-pig's mid-ileum ; for details see 
text. Simultaneous testing with nicotine and acetylcholine in alternation. During the 10 min 
exposure period preparation A was treated with 1 mg of toxin D, dissolved in 0-03 ml. buffer 
+0-12 ml. of 0-9% NaCl; preparation B (control), with the same volumes of buffer saline. 


NO.P QRS TUVW 


1-66mg toxin D for 20min 


Time (min) : 

Fig. 12. Guinea-pig ileum; preparation equidistant from pylorus and ileocaecal valve. Responses 
to acetylcholine, histamine and BaCl,.2H,0. A to M before, and M to X after a 20 min 
exposure to 1-66 mg of toxin D. Note virtual extinction of the barium response at P and 
weak delayed responses at T and X. ACh=0-05yg acetylcholine; H=0-4yg histamine; 
Ba=1 mg BaCl,.2H,0. | 
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05mg toxin D for 25 min 


0-05 mi. buffer for 25 min 


ACh H ACh H ACh H ACh H 


49-- 74-108-111--- 200-203 
154 
Time (min) 


in the toxin-treated preparation (upper trace, F and H), and their persistence in the control 
(lower trace). Time in min below, the lower line giving the time from administration of 
toxin. ACh=0-025 ug acetylcholine; H=2-5yg histamine. | 


BaCl, 

Guinea-pig intestines. The action of barium in small doses (0-2-0-4 mg of 
BaCl,.2H,0/10 ml. bath) is due mainly or wholly to neuronal stimulation, 
because, after treatment with toxin, these responses were reduced to less than 
30% in three preparations, to less than 7% in two (e.g. Fig. 10), and were 
abolished in two. These results are in agreement with earlier observations on 
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the potentiation of barium effects by eserine, their reduction in the cooled gut 
(Ambache, 1946) and in the gut treated with hexamethonium (Feldberg, 1951; 
Dahlbom, Edlund, Ekstrand & Lohi, 1953). 

The responses to larger doses of BaCl, (0-5-1 mg) were also reduced, but 
sometimes to a lesser extent than the responses to smaller doses. Fig. 12 
illustrates a pronounced reduction, with a considerable increase in the delay 
(up to 25 sec at P, T and X), of the response to 1 mg BaCl, after toxin treat- — 
ment. The response of the same preparation to 25-250 ug of nicotine was only 
1 mm, indicating an almost total neuronal paralysis. It is assumed therefore 
that the residual effects of these and higher doses of barium are due to an 
action on the muscle fibres proper. 

Rablnts. Responses to barium (0-5—1-5 mg BaCl,.2H,O) were reduced after 
treatment with toxin in all of four rabbit ileum preparations. One of these 
- experiments is illustrated in Fig. 15, where the response to a 1 mg dose was 
reduced at K, 107 min after the administration of toxin, to 30 % of its original 
height shown at G. In the other three experiments the reduction varied from 
34 to 86%; in one of these it was insignificant on 1 mg test doses but 65°, 
on 1-5 mg doses. It was noticed once that the barium response changed in 
character. Whereas before the responses were sharp contractions of the type 
shown in Fig. 15G, after toxin barium responses consisted in a 4- to 5-fold 
increase in the amplitude of pendulum movements with only a minute rise in 
base-line. It was to deal with such a contingency that the method of measuring 
contraction heights illustrated in Fig. 2 was adopted. This type of response has 
been reported by Feldberg (1951). It may be due to direct enhancement of 
rhythmic contractions, whereas the sharp contractions seen initially appear to 
originate to a large extent in neuronal stimulation, as in the guinea-pig gut. 
The enhancement of pendulum movements would be absent in those guinea- 
pig preparations which are devoid of rhythmic activity (e.g. Fig. 12), thus 
increasing the preponderance, in that species, of the neuronal component. 


KCl 

The response to KC] (8-20 mg) was reduced both in guinea-pig and in rabbit 
preparations after treatment with toxin. The reduction produced by the toxin 
appeared to be greater the smaller the test dose of KCl. For instance, in one 
guinea-pig experiment the responses to three different test doses of KCl (8, 12 
and 15 mg) were reduced to 39, 51 and 86 % respectively; and in an experiment 
on the rabbit ileum responses to 10 and 20 mg test doses of KC] were reduced 
to 36 and 72% respectively. 

In the experiment of Fig. 14, on a guinea-pig preparation, the response to 
9 mg of KCl was virtually abolished after treatment with toxin. Although 
each test dose of KCl was left in the organ-bath for 30 sec as usual, the pre- 
paration did not respond with maintained contractions as it did originally. 
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Instead, each dose elicited a single small twitch shown at the upward arrows. | 


These twitches were not unlike the fast type of rhythmic activity described 
below, and were followed by relaxation of the preparation before the KCl was 
washed out. 

From these experiments it can be seen that the effect of low donee of KCl 


appears to be predominantly neuronal, but at higher dose levels the muscle — 


fibres are excited as well. 
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Fig. 14. Guinea-pig ileum (pyloric distance =} pylorocaecal length); showing virtual extinction 
of responses to 9 mg KCI after 21 min exposure to 1 mg toxin D. Times below in min. 
K=9 mg KCl; A =0-3 yg ACh; F =0-15 ng 2268F. 


Group D. Cholinesterase inhibitors 

The experiments were confined to the rabbit intestine. 
Eserine 

The action of eserine on the gut is, probably, largely due to the protection 
of acetylcholine from enzymatic hydrolysis. It has been suggested previously 
(Ambache, 1946) that eserine might therefore potentiate both pre- and post- 
ganglionic transmission in the enteric plexus. That eserine may exert an action 
on the enteric plexuses was shown in earlier experiments on the mouse ileum, 
where the drug in a concentration of 2 x 10-’ caused a reappearance of large 
periataltio contractions (facilitation of latent peristalsis). Further evidence 
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of a nervous component in the eserine response has been obtained by Evans & 
Schild (19534), who reported a loss of the spastic action of eserine (4 x 10-*) 
after ablation of Auerbach’s plexus in intestinal preparations from cats. 

By paralysing post-ganglionic nerve endings in the gut. botulinum toxin 
should eliminate any component in the response to eserine which originates in 
activation of the enteric plexuses. Toxin treatment did in fact reduce the 
response to eserine to a varying degree in different preparations (reductions 


ABC H | KLM N oO 


2 X10 LD toxin for 20 min 
(in 0-05 ml. buffer+ 0-2 mi. 0-9 % NaCl) 


N ACh KCI Eserine ACh BaCl, N BaCl, KCI Eserine ACh 
| | 2:0 | 


Time (min) 
Fig. 15. Rabbit ileum. Effect of 20 min exposure to 2 mg toxin D (between H and I) on the 
responses to various drugs. Control treatment of the préparation with solvent alone (between 
_ Dand E) produces no change, but after toxin the responses to ACh are unaltered ; to nicotine, 
abolished; to Ba and K, reduced to 30%; to eserine (2-5ug for 3 min), almost extinct. 
Drum stopped on washing the eserine out, or just after. For explanation see text. 


ranging between 28 and 97%). Fig. 15 illustrates a controlled experiment in 
which pronounced reduction of the eserine response occurred. As shown in the 
second panel of the figure, when the ‘nicotine response was abolished (J) 
acetylcholine responses were unaltered (I, M and 0) but the response to 
eserine (N) was reduced to 10%. The response consisted now in a delayed 
increase in pendulum movements and a small rise in tone. The powerful 
spasms seen initially at D and H were now absent in the toxin-treated pre- 
peretaam but still present in the control (not shown). 


BW 284051 


This compound, the 1:5 bis (p-allyldimethylammonium 
3-one dibromide, was first prepared by Copp (1953), who gave a preliminary 
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account of its anticholinesterase activity. It has been shown by Austin & © 
Berry (1953) to be 10,000x more active against the true than against the | 


pseudo cholinesterase of human blood. This would therefore appear to be the 
most specific inhibitor of true cholinesterase at present available. The selectivity 


2Br- 
H,0:HC.H,C.N.(CH,), 4(CH,).N.CH, CH, 


L BW 284051 


of its action has been confirmed by Hobbiger (personal communication) on the 
enzymes of the rabbit ileum; he has found that 10-°m-284C51 inhibits 95%, 
of the true with less than 5% inhibition of the pseudo cholinesterase. The 
compound has been used for pharmacological studies by Robertson (1954). 

In concentrations of 2 x 10-7 to 4x 10-* BW 284051 produces powerful con- 
tractions of the rabbit’s intestine. The promptness of this response contrasts 
with the slowness of eserine effects, which are often delayed by 20-30 sec and 
then build up stepwise. | 


0-5 mg toxin D for 15 min 


| 


1 


0 9-24 143 148 
Time (min) 
Fig. 16. "Rabbit mid-ileum;5 ml. bath. Effect of 104g BW 284051; A, before, and B and C after 


15 min exposure to 0-5 mg toxin D. Drug administered for 30 sec at A and B, and to the end 
of the tracing at C. 
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Botulinum toxin abolished this response to BW 284C51, as shown in several 
experiments on twin preparations. In all, the initial response to 2-4 x 10- of 


_ BW284C51 was off scale. It was abolished in the toxin-treated preparations, 


but could be repeatedly obtained in the controls. One of these experiments 
is illustrated in Fig. 16. The delay of the off-scale contraction to 10yug of 


_ BW284C51, shown at A, was 5 sec; relaxation was not complete until 2} min 


after the anticholinesterase was washed out. Two hours after toxin treatment 
there was no response to 10ug of BW 284C51, applied either for 30 sec (B) 
or for longer (C). The control preparation, treated with buffer — still re- 
sponded with prolonged off-scale contracticn. 

The presence of an anticholinesterase in perfusates or extracts iii the 
assay of acetylcholine on normal intestinal preparations. The lasting insensi- 
tivity to BW 284C51 of the toxin-treated rabbit ileum renders it suitable for the 
detection or assay of acetylcholine in admixture with BW 284C51. 


Rabbits 7 PART Il. SPONTANEOUS ACTIVITY 


Pendulum movements persisted in all of fifteen preparations treated with 
toxin. After the toxin was washed out the pendulum movements were de- 
pressed in amplitude but not appreciably in frequency. This depression lasted 
usually for an hour or longer; the reduction in amplitude was sometimes as 
great as 90%. This phase of depression was not seen in the control preparations 
treated with toxin-solvent alone. In a few experiments the depression per-— 
sisted for 2-3 hr, as, for example, in that of Fig. 15, where the amplitude was 
reduced after toxin (second panel) to 25-50% of the original (first panel). In 
others, pendulum movements recovered in that time to their original ampli- 
bases. or very nearly so. 


Guined-pigs 
: Spontaneous activity varied considerably both in siete and in type, 


not only from one experiment to another, but sometimes even during the _ 


course of the same experiment. In some preparations rhythmic activity was 
virtually absent (e.g. Fig. 12). In others small but fairly regular movements 
were present (Fig. 14). Superimposed on either of these two types of base- 
line larger, fast, twitch-like contractions sometimes occurred (e.g. Figs. 3, 7, 
first panels). Toxin treatment abolished all activity, but the effect was 
transient. 

_ The terminal ileum appears to differ in several respects from the rest of the 
small intestine above it. For example, it responds to adrenaline with con- 
tractions (Munro, 1951) and tends to display greater spontaneous activity of 
ganglionic origin (Feldberg, 1951). In three out of ten terminal preparations 
which we examined a fast type of rhythmic activity of unusual vigour was 
obtained. One experiment is illustrated in Fig. 17; this resembles a tracing 
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of Magee, Anderson & M’Callum (1928). The rapid twitches occurred at a rate 
of 24/min. In addition there were slow contractions (at W) which in this 
experiment only occurred after renewals of bath fluid (but spontaneously in 
others). The slow contractions were followed by transient inhibition (I, and /,); 
the inhibition at J, lasted 2} min and was interrupted only once, by the 
isolated twitch marked with an asterisk. After toxin treatment the rapid 
twitch-like activity persisted for 3 hr, but the slow contractions were either 
abolished or much reduced, and were no longer followed by inhibition. 


0-5 mg toxin D for 10 min 


N 

Q— @ ----+----- 78 154-158--186- —213 
| Time (min) 


Fig. 17. Guinea-pig terminal ileum preparation ; for explanation see text. 


After-effects following drugs. An after-effect of the type shown in Fig. 18 was 
encountered in ten out of twenty-six preparations following the administra- 
tion of drugs, e.g. acetylcholine. Although there was an immediate relaxation 
of the preparation when the acetylcholine was washed out, this was followed 
by a secondary rise in tone, sometimes as great as 30-50% the height of the 
previous contraction. This after-effect lasted for 14-2 min, so that, after 
allowing the base-line to remain steady for at least 1 min before the next dose, 
it was often necessary to increase the interval between drug doses to 3 or 4 min. 

The phenomenon has been observed after contractions produced by other 
drugs, for instance after nicotine in Fig. 18 and also after histamine. Its 


causation is uncertain. It occurs whether the preparation is suspended with 
the oral or aboral end uppermost. 


Whenever present, the after-effect showed signs of decline after the pre- 


paration had been treated with toxin, and finally disappeared. This is shown 


in Fig. 18 (second panel). It would appear, therefore, that the after-effect is 
due to some form of activity in the enteric plexus. 
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Prep. A, initial — Prep. A, after toxin | Prep. B, control 


ACh ACh ACh N 


ACh ACh N ACh 

236,239 243 247 236 239 243 247 
Time (min) | 


ACh ACh ACh N 


Fig. 18. Guinea-pig ileum, equidistant from pylorus and ileocaecal valve; synchronous duplicate 
experiment. Both preparations suspended with caecal end uppermost. Preparation A: initial 
‘after-effects’ between drug doses in panel | and their disappearance in panel 2 after treat- 
ment with 1 mg of toxin for 10 min, given 146 min previously. Control preparation B: 
treated with solvent alone 146 min previously ; shows persistence of the after-effects (panel “a 
ACh = 0-02 ug acetylcholine; = 15 ug nicotine. 


DISCUSSION 


Nicotine. Our results agree with those obtained by Vogt (1943) on cooled 
rabbit circular muscle, and with the experiments of Magnus (1905) and of 
Gasser (1926). They appear to disagree with the conclusions drawn by Evans & 
Schild (1953a, 6) but perhaps not with their experimental facts, which were 
obtained on ‘tubular segments’. This type of preparation, although stripped 
of Auerbach’s plexus, still contains the whole of Meissner’s plexus, which 
innervates the muscularis mucosae, contractions of which would affect the 
intraluminal pressure of tubular segments. Meissner cells may also supply the 
inner layer of the circular muscle itself; for instance, in cats Li (1940) has 
traced nerve fibres back from this part of the circular muscle to the plexus. 
Although Evans & Schild did not find ganglion-cells on the outer side of the 
circular muscle in their ‘tubular’ preparations, these cannot be considered as 
a ganglion-cell-free muscle system, irrespective of whether the preparation 
is made immediately after stripping off Auerbach’s plexus, or after several 


days. Similar considerations apply to the strips of cat’s circular muscle which 


these authors (19536) used 13-27 days after severance of Auerbach’s plexus. 
This procedure would allow the nerve endings from Auerbach’s plexus to 
degenerate but would leave intact endings originating from Meissner’s plexus. 
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Moreover, it is well known that denervated tissues may attract a new nerve 
supply from a neighbouring source. In this case the source would be Meissner’s 
plexus which is only some 400» away, and the possibility of new fibres (both 
cholinergic and adrenergic) sprouting into such preparations cannot be ignored. 
Stimulation of such nerve endings might account, respectively, for the motor 
and the inhibitory responses to nicotine of such preparations, and for the 
fact that these are hexamethonium-sensitive. In Evans & Schild’s experiments 


(but not in ours) pre-treatment with barium increased the responsiveness to 


nicotine. This too was attributed to an action on the muscle, but could equally 
well be accounted for by the veratrine-like properties of barium on nerve 
(Dun & Feng, 1940). In conclusion, it is possible to explain the action of 
‘ specific’ doses of nicotine on the intestine as being entirely neuronal in 
origin. 

The cholinergic nature of the nicotine-sensitive neurones in the gut has 
been questioned by Feldberg (1951), who has suggested that the transmitter 
released by these neurones may be an atropine-resistant substance such as 
‘Darmstoff’ (Vogt, 1953) or Substance P. There are, however, certain observa- 
tions which rule out ‘Darmstoff’, and others which imply that these post- 
ganglionic fibres are cholinergic at least in some species. For instance, it is 
significant that nicotine contractions can be blocked by atropine in the 
guinea-pig ileum (Emmelin & Feldberg, 1947) and in the kitten’s intestine 
recording longitudinally; the same applies to MBF contractions in the 
majority of preparations. These observations suggest that the motor neurones 
are cholinergic in both these species. On the other hand, most preparations of 


rabbit ileum present an exceptional situation in that nicotine and: MBF con- 


tractions are atropine-resistant (Ambache & Robertson, 1953), a phenomenon 
which has been explained hitherto (Vogt, 1943) on the lines first suggested by 
Dale & Gaddum (1930). This still seems to be the most satisfactory explanation. 
Since, in fact, even in the rabbit ileum nicotine, MBF and Darmstoff contrac- 
tions can be abolished by botulinum toxin on the one hand, and, on the other, 
are potentiated either by eserine or by the specific inhibitor of true cholin- 
esterase BW 284C51, we may infer that the post-ganglionic fibres in was gut 
of this species are probably cholinergic as well. 

m-Bromophenyl ether of choline. The most recent discussion of the elation: 
ship between structure and action in choline derivatives is given in the paper 
by Hey (1952). The importance of the substituent group is shown again in the 
present experiments, for instance Fig. 8, where the m-bromophenyl ether of 
choline has been contrasted with the acetyl ester. Whereas the ester has a 
predominantly muscarinic action which persists after toxin, the action of the 
ether appears to be almost wholly neuronal and is abolished by toxin. 

Barium and potassium. That the responses to BaCl, and KC] are consistently 
reduced after treatment with toxin is further evidence in favour of the 
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existence of a neuronal component in the intestinal action of these salts. 
- It is possible that this ‘neuronal’ effect is not limited to ganglion-cell stimula- 
tion. In other tissues KCl is known to exert several actions such as (1) release 
of acetylcholine at pre-ganglionic nerve endings; (2) stimulation of ganglion 
cells and (3) of nerve fibres; (4) release of acetylcholine at post-ganglionic 
endings. Any or all of these fou actions could conceivably occur in the gut. 
As for BaCl,, apart from ganglion stimulation it appears to act on nerve 
endings, and has veratrine-like properties. It could therefore also act in more 
than one way and at more than one point in the peristaltic reflex arc. 

In the guinea-pig’s intestine it should be possible to reduce with atropine 
the response to small doses of BaCl, and KCl to the same extent as was done 
with botulinum toxin in the present experiments. Necheles, Scruggs, Kraft & 
Olson (1953) have reported in vivo inhibition by atropine of barium-induced 
intestinal motility in anaesthetized dogs. On the other hand, the same authors 
found that atropine did not affect barium contractions of isolated intestinal 
strips of guinea-pigs and dogs in vitro. However, it is stated in the ‘Methods’ 
of their paper that their intestinal segments were stored in thé refrigerator for 
24 hr before use. Such treatment would vitiate an experiment of this kind, 
since it is known that cooling affects the enteric plexus (Dikshit, 1938); it 
paralyses the response to neuronal stimulants (Vogt, 1943) and reduces con- 
siderably the sensitivity to barium. 

Reduction of barium responses by atropine have been reported by Toh 
(1951) and by Dahlbom e¢ al. (1953). The latter authors attribute the dis- 
crepancy between their results and those of Emmelin & Feldberg (1947) to 
differences in the pH of their Tyrode solution. It has been found by Edlund 
(quoted by Rocha e Silva, Valle & Picarelli, 1953) that the blocking action 
of atropine is increased considerably if the preparation is — in a 
Tyrode solution which is less alkaline than the usual. 


Differences in Tyrode-pH may likewise explain the conflicting reports about the interaction 
between other neuronal stimulants and atropine, e.g. 5-hydroxytryptamine (Feldberg & Toh, 
1953; Robertson, 1953; Rocha e Silva et al. 1953). In unpublished experiments of Robertson the 
effect of small doses of 5-hydroxytryptamine on the guinea-pig ileum could be reduced both by 
atropine and by botulinum toxin; this reduction went hand in hand with the reduction in nicotine 
response. 

Histamine. That histamine may give rise to stimulation of perfused ganglia 
has been reported by Konzett (1952); its ability to excite axon reflexes is well 
known. In the rabbit’s intestine the main response to histamine can be 
abolished by toxin; it is potentiated by eserine, as shown previously (Ambache, 
1946) and also by 284C51 (Robertson, unpublished). It would seem therefore 
that the action of histamine on rabbit gut has been predominantly neuronal 
under the present conditions. The histamine concentration may be crucial in 
experiments of this kind; for instance, the amounts of histamine used by 
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Emmelin & Feldberg (1947) were 10x greater, which may account for the 
different conclusions reached by them. 

In the guinea-pig gut the much greater sensitivity of the muscle fibres to 
histamine overshadows any neuronal component. In the present experiments 
a transient reduction in the histamine response after toxin occurred only once. 
But in other experiments conducted in this laboratory (Robertson, unpublished) 
some depression of histamine responses has occurred in five out of six prepara- 
tions after treatment with toxin. 

Unusual sensitivity to histamine was noted in a terminal ileum preparation 
at the beginning of an experiment; later, histamine dosage had to be raised 
tenfold to elicit the same response. Experiments on this part of the gut may 
therefore be misleading, because of the possibility of summation of histamine 
responses with spontaneous ganglionic contractions (Feldberg, 1951); it is also 
conceivable that histamine may trigger off such peristaltic responses. 

Eserine. Both true and pseudo cholinesterase are present in the rabbit 
intestine. In the muscle layers there appears to be more of the true than of 
the pseudo enzyme (Shelley, personal communication). There is also more than 
one possible source of active choline ester, e.g. the pre- and post-ganglionic 
nerve endings and the mucosa. The action of eserine on the gut is therefore 
likely to be complex and difficult to unravel. Nevertheless, the present results 
show clearly the luss, after toxin, of what must have been a neuronal com- 
ponent in the action of eserine. 

A second action of eserine, on pendulum movements, has been described 
previously (Ambache, 1946). It was also obtained by Feldberg & Lin (1949) 
with rather larger concentrations of eserine, after treating rabbit ileum with 
cocaine. This action was attributed by them to preservation of spontaneously 
released acetylcholine from non-nervous sources. 

BW 284051. This compound does not appear to possess any muscarinic 
action, since it was ineffective on toxin-treated preparations. But its effect 
may be complicated by weak atropine-like properties; we find, for instance, 
that it reversibly depresses the response of the rabbit gut to muscarine wna t to 
carbaminoylcholine. 

In conclusion, the results illustrate the potentialities of type D toxin as 
a laboratory reagent. Since it is safer to use, it may replace types A and B for 
_ experiments where rapid ‘denervation’ is desired, particularly of surgically 
inaccessible neurones. Its neuroparalytic action affects the response not only 
of drugs which can normally be blocked by hexamethonium, but also of a class 
of neuronal stimulants which hexamethonium does not block, as exemplified 
by 5-hydroxytryptamine, histamine and ‘ Darmstoff’. 
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SUMMARY 

1. Brief exposures (5-20 min) of isolated guinea-pig and rabbit ileum to 
purified type D botulinum toxin in vitro induce a delayed paralysis of the 
post-ganglionic neurones in the preparation. The motor response to nicotine is 
gradually abolished, usually within 1} hr, and the longitudinal muscle fibres 
_ then fail to contract in response to 10—65 x the original dose of nicotine but 
respond vigorously to other drugs. viata results have been confirmed on cats’ 
circular muscle strips. 

After treatment with toxin the following changes also occur: 

2. The motor actions of dimethylphenylpiperazinium and of m-bromopheny1 
choline ether are abolished or reversed, and are therefore predominantly 
neuronal, 

3. The response to acetylcholine, muscarine, 2268F, 5-methylfurfuryl- 
trimethylammonium, and histamine (in guinea-pigs) is relatively unaltered or 
even potentiated. The action of these substances is therefore mainly direct 
upon the muscle fibres. 

4. In the rabbit ileum histamine responses are considerably reduced and 
appear to be predominantly neuronal in origin. 

5. BaCl, and KCl have a mixed action. In small doses per effect is 
predominantly neuronal in guinea-pigs. 

6. The spastic action of eserine is reduced in rabbit gut and the contractile 
effect of the selective inhibitor of true cholinesterase, BW 284(C51, is abolished. 
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Much information has accumulated over the years on the so-called ‘basal’ 
metabolism of many mammalian species. Such information is of great value 
for some purposes, notably for the comparison of the effects on energy meta- 
bolism of various pharmacological and hormonal agents. There are, however, 
objections to the use of ‘basal’ determinations as a measure of the normal 
energy economy of the organism. ‘Basal’ metabolism, better described as the 
resting, post-absorptive metabolism, can be determined only over relatively 
short periods, not more than 1 hr and usually not more than 10 or 15 min; 
the extrapolation of measurements of such short duration to a period of 24 hr— 


ay can introduce errors of considerable magnitude. Also, it has been pointed out 


by Kriss, Forbes & Miller (1934) and by Forbes, Kriss & Miller (1934) that the 
apparent effect of specific dynamic action (8.D.A.) in the post-absorptive animal 
is different to that in the normally feeding animal. The diurnal variations in 
energy: expenditure, pointed out by many workers (e.g. Herring & Brody, 
1938), cannot be taken into account by means of single ‘ basal’ determinations; 
repeated short-period determinations at intervals throughout the day and 
night, on the other hand, disturb the normal pattern of behaviour of the 
animal. | 

In the case of small animals a more serious difficulty in the evaluation of the 
significance of ‘basal’ energy arises since the post-absorptive animal is diffi- 
cult to distinguish from the frankly starving animal; in addition, the true 
resting state is almost impossible to achieve in small animals for more than 
a few minutes at a time. Brody, Riggs, Kaufman & Herring (1938) have 
shown that, in the post-absorptive rat, lactation is severely depressed, and 
within 8 hr of the last feed completely fails. Such a drastic effect on a normal 
function at the beginning of what is usually regarded as the post-absorptive 
period is a strong indication that, in the rat, the post-absorptive state cannot 


be regarded as physiological. 
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A certain amount of older work on respiratory metabolism ignored the post- 
absorptive criterion, such as Murlin’s (1910) work on the bitch and, more 
recently, Brody’s (1945) work on the rat and on farm animals, These investi- 
_ gations, however, were based on studies covering relatively small fractions of 
the day, and Brody made his observations only when the animals were at rest. 

Recently, Dewar & Newton (1948a) and Dewar (1953) have made successive 
24 hr total metabolism studies on mice, with particular regard to pseudo- 
parturition, and Blaxter, Graham & Rook (1953) on farm animals in which the 
classical basal conditions have been abandoned and the total respiratory and 
other metabolic exchanges under normal living conditions have been measured. 
In this way a normal picture of the energy exchanges of the animal has been 
obtained, each day’s run representing a set of directly comparable data on the 
same animal. For each variable measured the true daily total is directly 
obtained without the errors inherent in extrapolating from short-period 
studies. 


In the present work a similar approach has been adopted to establish the 
normal total physiological energy processes of the adult female rat and their 
relation to the available information on resting post-absorptive metabolism. 


METHODS 

The work was done on nine adult female hooded rats of 100-250 g body weight, which were 
studied during seventeen experimental periods, each of 2-5 days’ duration. Those periods of 
continuous study over 5 days cover the complete oestrous cycle. The length of each continuous 
run varied from 19 to 25 hr, but in any series of consecutive days only 15-30 min intervened 
between one run and the next, during which time the rat was weighed and the food and water 
supplies were replaced and other necessary changes made. For each run were measured the total 
oxygen, food and water consumption, and the carbon dioxide, vaporized water, urine weight and 
urinary nitrogen production. Daily fresh and dry faecal mass were also measured. 

The animals were allowed water and food, diet 41 (Bruce & Parkes, 1949), ad lib. One female 
(522) did not take kindly to the experimental procedure and starved herself over a 5-day period. 
She was discarded from further work, but there appeared to be nothing wrong with her other 
than a dislike of the apparatus, and results from this animal, along with those obtained from 
other animals on the few occasions when they declined food, have been used to extend the work 
to cover low food intakes. Female 377 was fed on a slightly different stock diet (Thomson, 1936; 
revised Russell, 1948). 

Stages of the oestrous cycle were defined by vaginal oestrus as indicated by the vaginal smear. 
The components of the respiratory metabolism were measured by a closed-circuit respirometer 
based on that described by Dewar & Newton (1948a) for studying the metabolism of mice. In 
this instrument, Fig. 1, the air is circulated, as a private atmosphere, by a Dale-Schuster pump, 
from the animal chamber, through an absorbing train to remove carbon dioxide and vaporized 
water, and so back to the animal chamber. As the internal pressure of the closed system tends 
to drop owing to the consumption of oxygen and the removal of carbon dioxide, oxygen passes 
into the closed system through a valve from a calibrated spirometer. | 

The animal chamber, 6 in, in diameter and 7 1. in volume, contains a frame with two wide-mesh 
grids which form the roof and the floor of the rat’s living space, 8 in. high. A lower, fine, stainless 
steel grid, 1 in. below the floor grid, collects the faeces while preventing coprophagy. The frame 


in the animal chamber also carries a food box and a water bottle containing adequate supplies 
of food and water for a 24 hr run. 
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The oxygen spirometers are each of about 4-5 |. capacity. For most of the work only one spiro- 
meter was used, and this was refilled once or twice during the 24 hr period. By using only one 
spirometer, oxygen consumption could be measured continuously on a 12 in. (height) smoked 
drum rotating at about 1 revolution in 8 hr (6-25 cm/hr). The spirometer bells, made of } in. 
welded ‘Perspex’ tube, are uncompensated, but the nylon suspension, by contracting slightly 
under the reduced load as the bell sinks lower in the water seal, gives a straight-line calibration 
of approximately 200 ml./cm of scale reading. 


Water reservoir 


Membrane for spirometer 
pump 
Relay 
j 
' 
Th 
Contact inlet 
hermomete C valve $2 
A 
| 
U 
$1 
Absorbing train “A | | 
Wad Water 
WU 


Fig. 1. Diagrammatic plan of respiration calorimeter. Arrows show direction of air flow. C is 
_ animal chamber; §1 and S82, oxygen spirometers; Th, chamber thermometer; U, urine col- 
lection flask. A is original point of oxygen inlet (see text). 


In Dewar & Newton’s apparatus, the oxygen inlet valve was on the return side of the pump 
(point A in Fig. 1). Because of the resistance of the absorbing train, a pressure gradient is set up 
across it to maintain the passage of air through the train at a rate equal to the pump output. This 
pressure gradient is achieved initially by a relatively great fall in pressure in the length of duct 
between train and pump, a small volume, and a slight increase in pressure on the output side of 
the pump, buffered by the large volume of the animal chamber. With the oxygen inlet in its 
original position, oxygen passes in from the spirometer to maintain the return side of the pump 
at atmospheric pressure, and this process continues until the pressure on the chamber side has 
risen sufficiently to maintain the pressure gradient. This process entails a spurious oxygen con- 
sumption which varies with the ventilation rate of the apparatus (pump output) and with the 
volume of air on the output side of the pump. In Dewar & Newton’s mouse apparatus, with 
a ventilation rate less than 360 ml./min, and an animal chamber volume of | L., this error would 
only amount to 5-10 ml. oxygen. In the present apparatus, with a ventilation rate of 1000 ml./min 
and animal chamber volume of 7 |., this error amounts to 250 ml. oxygen. This spurious oxygen 
consumption is not reliably predictable owing to the varying resistance of the absorbing train. 


It has been eliminated, however, by moving the oxygen inlet valve to a point on the output side 
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of the pump, cf. Fig. 1. In this way the pressure gradient across the absorbing train is achieved 
by a drop in pressure in the small volume of duct on the return side of the pump, while the air 
transferred from there to the output side is buffered by the large volume of the animal chamber. 

In the absorbing train the vaporized water is first absorbed by a tube containing anhydrous 
calcium chloride, followed by a tube containing magnesium perchlorate (‘anhydrone’). Carbon 
dioxide is then absorbed by soda asbestos. A final tube containing magnesium perchlorate 
absorbs the water of reaction from the soda asbestos tubes. In the calcium chloride tube, glass 
tubes about 2 in. long and 2-5 mm bore are placed, each overlapping the next by about half its 
length to provide alternative airways in the event of the absorbent clogging. For the same reason 
the soda asbestos is dispersed as a 50:50 mixture with 5 mm hard glass helices of the type used 
for packing refluxing columns. Both the glass tubes and the helices are almost completely 
recoverable, 

The ventilation rate of the apparatus in the work reported here was about 800 ml./min 
(1000 1./day) which, at the metabolic rates dealt with, maintained carbon dioxide concentration 
in the atmosphere at 0-5-0-8% (Table 1). At this ventilation rate relative humidity (r.h.) tended 
to be high (70-80% ), and in more recent work ventilation has been increased by use of improved 
pump valves. Ventilation can, however, only be increased to bring the carbon dioxide concen- 
‘tration down to about 0-4%, since, with a higher ventilation rate, the atmosphere becomes 
excessively dry, less than 30% r.h. This limitation becomes more pronounced with larger rats, 
as production of carbon dioxide increases with body weight at a greater rate than does production 
of water vapour. 

TasiEe 1. Haldane gas analyses of calorimeter atmosphere 


% O, % CO, Source of sample 

19-97 63 

19-73 0-75 ral Intake of absorbing train — 

19-77 O71 79-52 

1892 1 79-47 Animal chamber 3 min after pump stopped 
20-05 0-00 79-95 | 

000 Outlet from absorbing train 


The entire apparatus is maintained in an air thermostat at a temperature of 22-23° C. The 
temperature in the animal chamber remains fairly constant at 3° C above the cabinet temperature, 
i.e. 25-26° C, owing to the heat production of the rat. 

The traditional method of test for closed-circuit respiration calorimeters is the aleohol com- 
bustion method (Atwater & Benedict, 1905, and many subsequent modifications). This method of 
test is particularly unsuitable for use with an apparatus for small animals, as the optimum 
ventilation rate for maintaining carbon dioxide concentration and humidity for a rat is quite 
inadequate to maintain even the smallest alcohol flame for any length of time. Even when the 
combustion is catalysed by platinum considerable evaporation of unburned alcohol occurs and 
this is picked up in the water absorbers. Nevertheless, with this apparatus, agreement between 
oxygen consumption and carbon dioxide production, giving 2.Q.’s within +1% of theoretical, 
was obtained, This test method, however, entails such radical alteration of the normal conditions 
of operation of the calorimeter that it has not been used as a routine. Haldane gas analyses were 
made, from time to time, on the chamber air and showed no change in concentration of oxygen, 
a change which would be expected if there were even a minute leak inwards or outwards. The 
oxygen concentrations given in Table 1 are about 0-5% lower than expectation, but this is due 
to impurities present in the commercial oxygen (about 05%, mainly argon) used for filling the 

‘spirometer (British Oxygen Company, private communication), and so the deviation from 
expectation varies with the total amount of oxygen used. 

Routine checks for leaks in the apparatus were made by running the instrument at an internal 
pressure raised or lowered by about 5 cm Hg, with an aneroid barometer instead of a rat in the 
change would have been taken as presumptive evidence of a leak. 


Aa 


eve 


\ 
«Mg 
be: 
r 
te 
a 
“G 
q 
ig 
a 


METABOLISM OF RATS 483 


_ Heats of combustion of food and faeces were measured by bomb calorimetry, the results being 
converted to heat at constant pressure (Brody, 1945). The heat of combustion of urine was not 
measured directly, but a value of 8-6 kcal/g urinary N was derived from data given by Forbes, 
Bratzler, Thacker & Marcy (1939); Forbes, Swift, Elliott & James (1946a, b); Forbes & Swift 
(1944) and Black, Maddy & Swift (1950). : 

Nitrogen content of urine, food and faeces, was estimated by the micro-Kjeldahl procedure of 
Ma & Zuazaga (1942). Urine nitrogen recovery was estimated to be 97+1%. Nitrogen recoveries 
in the earlier part of the work were low and these results have been discarded. Values for urinary 
N in this part of the work, for use in the calculation of energy expenditure, were estimated from 
the food intake using the relation shown in Fig. 2a. 


Urine nitrogen (mg/24 hr) 


i i j i in i i 
ingested energy (kcal/24 hr) ingested energy (kcal/24 hr) 


Fig. 2. Variation of (a) urinary nitrogen, and (b) faecal energy with total ingested food energy. 
The solid lines aré drawn to the fitted linear regression equations, 


Cabinet temperature and barometric pressure were recorded at each reading of the spirometer ; 
_ from these values correction factors for reduction of the volume of oxygen used to s.t.p. were 
derived using the nomogram given by Weir (1949). With the linear calibration found for the 
spirometers, and taking into account the uncalibrated volume of the spirometer and ducts 
leading to the oxygen inlet valve, and the change in temperature in the animal chamber, the 
volume of oxygen at s.t.p. used is expressible in the form: 


Vol. O, 8.t.p. =2[0-196(pa, +0-454(p + 0-0214(7', - +0-015 L, (1) 


where 2, and 2, are initial and final spirometer readings in cm, p and q are the corresponding 
correction factors for reduction to s.t.p., 7’, and 7’, are initial and final temperatures in ° C of 
the animal chamber, and the constants are dependent on the calibration of the spirometer, the 
uncalibrated volume of spirometer and of oxygen ducts, the volume of the closed system and the 
average concentration of carbon dioxide in the closed atmosphere. , 

Oxygen volume and carbon dioxide production were reduced to a per diem basis from the 
known length of the run. All other measurements, e.g. food intake and urinary N, have been 
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assumed to represent per diem values as measured. This assumption is an arbitrary convention 
which, it is realized, may introduce errors of unknown but limited magnitude due to variation in 
gut contents from day to day. It is not possible to avoid such errors on a daily basis, but over 
a series of days the relative error hecomes progressively less. That the possible error involved is 
unlikely to be large is evidenoéd by the close correspondence between the energy of the ingested 
food and the faecal energy loss of the same day, shown in Fig. 25. 

Energy expenditure was calculated from the per diem values for oxygen, carbon dioxide and 
urinary N, using a form of Weir's (1949) equation, modified to take account of the composition 
of the diets used: 

Total kcal =3-844 x litres O, used + 1-191 x litres CO, produced - 1-996 xg urinary N. (2) 

The components of water exchange were measured directly except for the metabolic water, or 
water of oxidation, which was calculated by the method given by Morrison (1953a). Water 
balance was estimated from the dry-matter exchange using the equation given by Peters & Van 
Slyke (1946). 

Diurnal variation in energy expenditure was examined by measurement of oxygen consumption 
during 4 hr intervals on the continuous graphic records, The analysis of these results was made 
on the crude distance measurements (the distance through which the spirometer falls in 4 hr); 
the means were converted, by a standard factor, to oxygen consumption in mlj/hr. Energy 
expenditure is not exactly proportional to oxygen consumption due to variations in B.Q., nor is 
oxygen consumption exactly paralleled by the continuous record owing to variations in atmo- 
spheric pressure, but it is considered that these variations are not of sufficient magnitude seriously 
to affect the findings on diurnal variation. Throughout, the statistical measure of dispersion given 
is the standard error of the mean except when otherwise explicitly described. 


RESULTS 
Total energy expenditure 
The total daily energy expenditure was variable. Within the results for any 
one animal, where body weight did not alter appreciably, the day-to-day | 
variation in energy expenditure covered a range of +5°%, of the average. The 
relation between energy expenditure and body weight (Fig. 3), does not appear 
to depart significantly from the linear, over the range of body weight studied, 
although the scatter is considerable. The fitted linear equation is: (( 


#=(12-5 + 1-8)+(0-12 + 0-01)W, (3) 

where £ is energy expenditure in kcal/24 hr and W is body weight in g. 
_ The corresponding relation between energy expenditure and intake of 
energy as food is shown in Fig. 4. Here food energy is expressed as net energy 
or energy of absorbed food, i.e. total heat of combustion of ingested food less 4 
heat of combustion of faeces. Again the relation is substantially linear, the | 
fitted equation being 
= (22-6 + 1-5) + (0-295 + 0-038)N, (4) | 
where N is energy of absorbed food in kcal/24 hr. The multiple regression ff 
equation of energy expenditure on body weight and on absorbed food energy 


significantly reduces the residual variance, and the coefficients of both body 
weight and food energy are significant ) 


E =(9-88 + 0-62) + (0-096 + 0-002) W + (0: 182 £0-007)N. (5) 
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Fig. 3. Variation of total daily energy expenditure with body weight. The solid 
. line is drawn to the fitted linear regression equation. 
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Energy expenditure (kcal/24 hr) 


10 20 30 40 50 60 70 80 
Absorbed food energy (kcal/24 hr) 
Fig. 4. Variation of total daily energy expenditure with total ingested food energy. 
The solid line is drawn to the fitted linear regression equation. 
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The food intake was quite variable apart from the very reduced intake on 
some individual days. An example of the customary variations in energy 
intake and output is shown for a 5-day period in Fig. 5. 

The non-protein respiratory quotient varied about a mean value of 0-97, 
which corresponds closely to that expected from the composition of the diet, 
0-955. (The mean energy balance over the series is +1-73 kcal/day.) The 
lower extreme, 0-54, was observed for the last day of the study of rat 522 
which failed to eat. The maximum was 1:19, but one-third of the days showed 
an R.Q. greater than 1. 


+60 


Energy intake 


Energy (kcal/24 hr) 
* 


—40 LI i 1 J 
1 2 3 4 6 
Days 


Fig. 5. The daily components of energy balance over a 5-day period in rat female 525. 


It has been shown for the mouse (Dewar & Newton, 19486) that the r.q. 
varies directly with the food intake. Such a relation would only be expected 
to hold strictly if the animal showed no change in body weight or energy 
expenditure, both of which cover a relatively wide range in the present work. 
To adjust for this to some degree, non-protein r.Q. has been related to the 
ratio, energy intake: energy expenditure. The relation between and this 
ratio is shown in Fig. 6a, b, in two forms, using gross energy intake (ingested 
energy) and net energy intake (absorbed energy). Both relations are linear. 
Much of the variation can be attributed to variations in gut contents from 


day to day with consequent error appearing in the total apparent ingested 
and absorbed 
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The ratio N/# in Fig. 66 at the average z.9. is 1-08, indicating an energy 
loss in the urine of 5-8 and 7-4 % of the gross and ingested energy respectively. 
The ratio G/H in Fig. 6a at the same R.Q. is 1-385, indicating, in addition, an 
energy loss in the faeces of 22 % of the gross energy intake. Similar values can 
be derived from the relations between food — and faecal energy and 
urinary N shown in Fig. 2a, b. 
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Non-protein quotient 


Non-protein respiratory quotient 
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Fig. 6. Variation of non-protein &.Q. with (a) the ratio of ingested energy to energy expenditure, 
G/EZ, and (b) the ratio of absorbed energy to energy expenditure, N/H. The solid lines are 
drawn to the fitted linear regression equations. The broken lines are drawn from the point 
of average R.Q., 0-97. 


Diurnal variation 
A diurnal variation in total energy expenditure as measured by oxygen 
consumption was usual but not invariable. In any consecutive series of days 
there were generally 1 or 2 days in which the cyclical change in oxygen con- 
sumption was not obvious (Fig. 7). Averaging all the days for which con- 
tinuous oxygen consumption records are available (52), however, the diurnal 


_ change is marked (Fig. 8) and highly significant (P < 0-001), with the maximum 


rate of oxygen consumption occurring during the period 10 p.m. to 6 a.m., 
and the minimum during the period 2-6 p.m. The variation had a total mean 
swing of 10-5% of the mean oxygen consumption. 

No activity records were made, but general observation of the animals in 
the apparatus indicated considerable activity with much eating during the 
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night. The only other time of marked activity and food ingestion was immedi- 
ately after the daily change-over, and this was sometimes marked by a short 
period, 4—1 hr, of increased oxygen consumption. This effect was not, how- 
ever, entirely owing to the stimulus of experimental manipulation, for in two 
_ series the change-over was not performed until 2 p.m. but the short period of 
activity with moderate oxygen consumption still occurred during the period 
10 a.m. to 2 p.m. 

A high peak of short duration was frequently found in oxygen consumption 
towards midnight, which is in qualitative agreement with Herring & Brody’s 
(1938) finding, although the rise found here was of less magnitude. This peak, 
in the present case, may have been partly due to the presence of the operator 
re-filling the spirometer at, or just prior to, this time. 
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Fig. 7. Diurnal variation in oxygen consumption over a 5-day period in each of two rats. 
Fig. 8. Mean diurnal variation in oxygen consumption. Vertical lines through mean 
points represent +2 x S.E. 


Variation with oestrous cycle 

In eight 5-day experimental periods, three for each of two animals, and 
single periods for each of two animals, vaginal smears were made daily and the 
stage of oestrus estimated. In Fig. 9 the average energy expenditure curve for 
all periods has been plotted. The trend of change, with raised rate during pro- 
oestrus and late di-oestrus, agrees with the time relation claimed by Lee 
(1928), but the differences between phases of the cycle are not statistically 
significant. 

In one of the two animals for which three opelen were sie: oestrus tended 
to occur near or shortly after the peak metabolic rate of the cycle, while in 
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the other rat oestrus coincided with the minimum metabolic rate. Thus the 
wide scatter of energy expenditure which was found within any one stage of 
the oestrous cycle, when all the data are taken together (as in Fig. 9), is caused 


_ partly by the fact that the relationship of oestrus to expenditure of energy 


varied from animal to animal. In any one animal, however, there was a sug- 
gestive trend towards a cyclical change in energy expenditure in response to 
the cyclical oestrous changes. 


| 

i 


Fig. 9. Mean energy expenditure at different phases of oestrous cycle. Vertical lines 
through mean points represent + 2 x 8.E. 


Partition of heat elimination 

The water retained by the calcium chloride and magnesium perchlorate 
tubes in the absorbing train measures the total water evaporated from the 
animal chamber during the day’s run. A small part of this is attributable to 
evaporation directly from the water bottle, from the urine flask and from the 
urine and faeces retained on the grids and urine funnel. The greater part, how- 
ever, is attributable to water evaporated from the body surface and in the 
expired air of the rat. Direct measurement of water pick-up from the chamber, 
with water bottle and urine flask containing water but with no animal present, 
has given the non-animal vaporized water as about 1 g/day. Under these 
circumstances, however, the relative humidity in the animal chamber, as 
measured directly with a direct-reading hair hygrometer, becomes very low 
(30%). With the animal present, and with a ventilation rate of about 
1000 1./day, the r.h. is about 75%. It seems unlikely, therefore, that the water 
evaporated from non-animal sources in a normal ‘live’ run is greater than that 
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directly measured. In any case, such adventitious vaporization might reason- 
ably be expected to represent a constant absolute error (although this will be 
a variable percentage error), if the total water absorbed in the train were 
assumed to be of animal origin. The following analysis of the fraction of heat 
elimination attributable to evaporation is, therefore, based on the directly 
measured water in the absorbing train (on a 24 hr basis), and a correction for 
the adventitious evaporation is applied only to the major final mean estimates. 

The total evaporated water showed a large day-to-day variation, apparently 
largely independent, for any animal or period, of any other metabolic measure- 
ment such as total energy expenditure. No significant variation with body 
weight was found over the weight range 100-250 g (Fig. 10). When related to 
energy expenditure the vaporized water was again effectively constant, but 
with a slight tendency to decline with energy expenditures below 25 kcal/day. 


20 


Total evaporated water (g/24 hr) 
* 
bad e 


100 150 | 200 : 250 
Body weight (g) 


Fig. 10. of Solid line is drawn to the 


fitted linear regression equation, but this is not significantly different from horizontal. 


Applying the correction of 1 g/day for adventitious water the data recorded 
in Fig. 10 give a mean value for water evaporated from the rat of 13-6 g/day 
with a coefficient of variation of 11%. 

Of this estimated evaporated water of animal origin, part is accountable to 
evaporation from the skin and part to the water vapour of the expired air. 
Although the partition of the water between these two sources cannot, with 
the methods used here, be measured directly, ‘t is possible to make an estimate 
of the partition using some of the direct data and making some assumptions. 
If the mean oxygen content of the expired air be assumed to be 45% below 
that of the chamber air, the total 24 hr pulmonary ventilation of the rat can 
be calculated from the total 24 hr oxygen usage. This gives a ventilation rate 
of 105 1./day at 100 g body weight, rising to 200 l./day at 250 g body weight. 
Assuming also that the r.h. of the chamber air during live runs is constant at 
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75%, and given that the chamber temperature is constant at 25° C (within 
0-5°C), the water load of the chamber atmosphere (i.e. the inspired air) is 
calculated to be 0-018 g/l. Assuming further that the humidity of the expired 
air is equivalent to saturated air at 34° C (Osborne, 1913), the water load of 
the expired air is calculated to be 0-04 g/l. This gives a water elimination from 
the lungs of 0-022 g/l. of pulmonary ventilation, or 2:3.g/day at body weight 


100 g to 4-4 g/day at body weight 250 g, or 17 and 32% respectively of the 


total vaporized water of animal origin. 
Taking a mean value of 0-58 kcal/g for the latent heat of evaporation of 


water from the rat under the given environmental conditions, the mean total 


evaporative heat loss is 7-9 keal/day, and at 250 g body weight from the | 
lungs and skin, respectively, is 2-5 and 5-4 kcal, or 18-6, 5-9 and 12-7 % of the 
total daily energy expenditure (Fig. 11). 

If the assumption is valid that the water evaporated in the expired air 
increases with the metabolic rate, i.e. that the ventilation rate increases with 
the metabolic rate, then the total water evaporated from the skin surface of 
the rat must actually decrease with increasing weight and energy expenditure. 
Tennent (1946) partitioned the water vapour from respiratory and skin 
sources in the rat and found, for anaesthetized rats 27% and for un- 


anaesthetized rats 43% of the water from the expired air. This latter figure is 


higher than that estimated for the 250 g rats in this work, but all Tennent’s 
rats were 300-400 g body weight, and extrapolation of the estimated respiratory 
losses in the present work to 350g body weight gives 42-6 %, of the total evapora- 
ted water lost via the lungs, which is in close agreement with Tennent’s value. 


DISCUSSION 
Total energy expenditure is made up of three major components, the resting 
post-absorptive or so-called ‘basal’ or ‘standard’ metabolism, the energy cost 
of movement and supra-basal muscle tone, and the energy cost of food utiliza- 
tion or specific dynamic action. The energy cost of movement might be 
expected to vary with the mass moved, i.e. directly with the weight of the 
animal; the s.p.A. will vary with the food intake, but also with the total of 
the other components of energy expenditure each of which itself varies with 
body weight. The B.m.z. has commonly been shown to vary with a fractional 
power of the body weight, —#, but over a narrow range of body weight the 
departure of the B.M.R.—body-weight relation from linearity is not great. It is 
not therefore surprising that, over the range of body weight studied in this 
work, the total energy expenditure varies linearly with body weight. 

The largest single component of total energy expenditure is the ‘basal’ 
expenditure, and it is of interest to compare this with the total energy. Several 
series of estimations of the ‘basal’ rate of rats are available, the most complete 
from the point of view of fulfilment of the ‘basal’ criteria being that of 
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Benedict (1938); this shows substantial linearity with body weight over the 


weight range 150-400 g. Hemmingsen’s (1934) large series of ‘basal’ rates 


on female rats cover narcotized and non-narcotized animals; both show 
effectively a linear relation with body weight, although Hemmingsen fitted 
power equations to his data. The narcotized rats show close agreement with 
the line drawn by Benedict to his data, but the non-narcotized animals show 
a rather higher energy expenditure, with a greater increase with body weight; 
most of these estimations, however, were made at an environmental tempera- 
ture of over 30° C compared with Benedict’s at 28° C. Other minor series lie, 


in general, in the region of Hemmingsen’s and of Benedict’s data, although 


Brody’s (1945) series for growing females over the 100-300 g weight range 
show almost no‘increase in energy expenditure with body weight. 

To allow quantitative comparison between ‘basal’ metabolism and the 
present data on total metabolism a line between that satisfying Benedict’s 
and that for Hemmingsen’s data has been chosen to describe the ‘basal’ 
energy and body weight relationship 


F=8-0+0-08W. 


In Fig. 11 this line is drawn along with the fitted regression line found for the 
total energy expenditure. The slopes and locations of the two lines are such 
that the ratio of the total to the ‘basal’ rate over the whole range of body 
weight considered is substantially constant at 1-53, that is, the total rate is 
153% of the ‘basal’. In a preliminary communication by Morrison (1953), 
this ratio was given as 1-8, as the total rate was then compared with only 
Benedict’s data. 

A measure of the energy cost of food utilization can be found from the 
multiple regression equation (5). Since the data include food intakes down to 
zero it is legitimate in this equation to put N =0, and so get a line to estimate 
total metabolism of the fasting rat over the weight range studied. This line is 
also included in Fig. 11 and its slope and location is such that it bears sub- 
stantially constant ratios to both ‘basal’ and total fed rates. Of the 53% 
excess of total over ‘basal’ 22% are ceeinencas: to the energy cost of 
utilization of absorbed food, or s.D.A. 

_ These ratios may be true only under the particular living conditions 
described, and certainly their absolute values will be dependent at least on 
environmental temperature and on the composition of the diet. It may be, 
also, that the restricted living space had some effect in limiting the degree of 
activity If activity were limited, a differential activity limitation might be 
expected with greater limitation for the heavier rats. This has not been 
observed; nor is there a reduction in scatter of energy expenditure at the 
upper end of the body weight range. On the other hand, most of the rats 
were of approximately equal length which, rather than weight, would be the 
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limiting factor of size. It is possible, therefore, that there may have been 


a slight uniform reduction in activity. 


The figure of 22% for s.p.a. on a 16% protein diet may, at first sight, seem 
high. But this figure is based on ad lib. feeding, while standard text-book 
values are based on 8.D.A. estimated from re-feeding of fasted animals without 


correction for the metabolism of body tissue. Forbes et al. (1934) and Kriss 
et al. (1934) have shown that the apparent s.p.a. increment estimated using 


Total energy 
expenditure 
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expenditure 

‘Basal’ energy 
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Fig. 11. Summary diagram of relation to body weight of total, fasting and ‘basal’ energy 
expenditures, and of evaporative heat loss from skin and respiratory tract. 


100 g rats fed at various levels of food intake, rises with food intake unless the 
total catabolized substance is taken into account, that is the catabolized body 
substance of animals receiving submaintenance diets. The present estimate of 
S.D.A. gained from Fig. 11 agrees closely with the figure of 23°7% which is 
derived by weighting the absolute s.p.a. figures given by Kriss et al. (1934) 
according to the proximate principle composition of diet 41. 

The diurnal rhythm in total metabolism is a composite of increased nocturnal 
activity and a nocturnal feeding habit, with the energy costs of activity and 
of 8.D.4. summating. The diurnal swing found in this work is, however, very 
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much less than the 25-30% found by Herring & Brody (1938). These workers 
found that the diurnal rhythm could only be destroyed by continuous light 
and continuous feeding (i.e. small feeds at regular intervals throughout the 
24 hr) and not by either alone. It is possible that the intermittent lighting 
from the thermostat heaters during the night may have inhibited the diurnal 
rhythms in this study to some extent, but this seems unlikely as the lights 
were efficiently masked. It seems more likely that the experimental method 
of Herring & Brody, of short period measurements throughout the 24 hr, 
contributed to the much greater swing which they observed. 

The changes in ‘basal’ rate during the oestrous cycle in the rat found by 
other workers are not consistent. Lee (1928) found a 13% rise in metabolic 
rate during the latter part of di-oestrus and the beginning of pro-oestrus when 
expressed in terms of surface area, but no change from the general level during 
oestrus. Szarka (1929) also found a 20% increase above the general level, but 
during pro-oestrus and oestrus, while Fraser & Wiesner (1929) found about 
30% difference beteeen minimum and maximum carbon dioxide production 
during the oestrous cycle with the cornified cell stage of the vaginal smear 


occurring just after the minimum metabolic rate. Hemmingsen (1934), how- 


ever, found no systematic variation in ‘basal’ rate between different stages of 
the cycle. Slonaker (1924, 1927) and Brobeck, Wheatland & Strominger (1947) 
found a fall in food intake and body weight during oestrus, with a coincident 
rise in activity, while Brobeck e¢ al. (1947) also found a hypo- and hyper- 
thermia in oestrus and di-oestrus respectively. Brobeck et al. found these 
_ changes not only as averages for the group, but in individual animals. 

In the present work no cyclical change in food intake was detectable. The 
average change in total energy expenditure was in the same direction as that 
claimed by Lee (1928) for ‘basal’ rates, but was not statistically significant. 
In different animals maximal expenditure of energy did not occur in the same 
phase of the oestrous cycle: this may be explained by the imprecision of the 
vaginal smear as an index of ovarian oestrus in the rat. It is not unlikely, how- 
ever, that, if the hypothermia of oestrus is primarily determined by the rate of 
heat elimination due to vascular changes, the food intake, activity and ‘basal’ 
metabolism may vary sufficiently between animals to produce a raised total 
metabolism during oestrus in one and a lowered metabolism in another. 

The constancy of the total quantity of vaporized water in spite of increase 
in body weight and in total metabolic rate is surprising and difficult to explain 
satisfactorily. As a result of this constancy the percentage of heat eliminated 
by evaporation is hyperbolic with respect to both body weight and total 
energy expenditure. Over the middle portion of the curve this would approxi- 
mate to an inverse linear relationship, and such has been found by Greene & 
Luce (1931) in an attempt to predict B.m.R. of rats from the insensible weight 
loss. This is consistent with the present findings. Also, the percentage of heat 
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_ which these workers found to be lost by evaporation from rats of 150-300 g 


body weight, under ‘basal’ conditions, varied from 26 to 20%, which is in 
agreement with the values found in the present work. 

Swift. & Forbes (1939) and Black & Swift (1943), in studies of the range of — 
thermal neutrality for the rat, found that, as environmental temperature was 
lowered from 32 to 12°C, the metabolic rate rose from 1-5 to 3-0 kcal/hr. 
Over this range, however, the heat lost by evaporation remained constant at 
0-3 keal/hr. In this case the shift in form of heat loss can readily be explained 
by the increased radiative losses in the lower environmental temperatures. In 
the present work the environmental temperature was constant, but the 
steadily increasing heat load in the larger animals had still to be eliminated 
by increased radiation, and this could only be achieved by increased tempera- 
ture of the skin surface or by an increased effective radiating surface. It seems 
unlikely, since the total heat production varies with body weight, that the 
effective radiating surface can increase at a greater rate than the body weight. 
On the other hand, assuming the rat to be a black body radiator, and as- 
suming an effective surface of 75° of the surface as calculated from the 
formula of Carman & Mitchell (1926), it can easily be calculated that, over 
the weight range studied, an increase in mean skin surface temperature of 
1° C would, in larger rats, eliminate by radiation the additional heat load 
which occurs with constancy of evaporated water associated with rising heat 
production. 

The cause of this constancy of water evaporation may be instrumental or 
physiological. The possibility of the high r.h. in the animal chamber setting a 


limit to the evaporating power of the atmosphere has been considered. It can 


be seen, however, from the great scatter of values for vaporized water (Fig. 10), 
that the instrument is capable of carrying away a greater quantity of water 
than, on average, it does. Moreover, work at present in progress, in which the 
valve system of the calorimeter has been altered to give a higher ventilation 
and lower r.h., shows the same constancy of values for vaporized water. The 
only obvious physiological explanation of this phenomenon, since the rat does 
not possess eccrine sweat glands, is a continuous decrease in the water perme- 
ability of the skin surface, presumably the cornified layer. Certainly the skin 
of the rat becomes thicker, harder and less translucent with age, but such an 
effect might also militate against an increased skin surface temperature which 
would be necessary to remove the increased heat load by radiation. 


SUMMARY 
1. An apparatus is described for the continuous measurement of the total 
metabolic exchanges of the rat over successive 24 hr periods. 
2. The total energy expenditure of female rats, 100-250 g body weight, 
varies linearly with body weight and with intake of energy as food. 
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3. The total energy expenditure is about 150% of the ‘basal’ ienlattints 
About 22% of this excess over ‘basal’ is attributable to s.p.a. 

4. A pronounced diurnal rhythm of energy expenditure shows a maximum 
over the period 10 p.m. to 6 a.m., _— 11% above the expenditure during 
the period 2 p.m. to 6 p.m. 

5. There is some indication of a slightly dncsediall energy expenditure 
during late di-oestrus and pro-oestrus, but this is not statistically significant 
and was not consistent between animals. 

6. Over the body weight range 100-250 g the total heat dissipated by 
evaporation of water is constant at about 8 kcal/day. This evaporative heat 
loss decreases from 32 to 18%, of the total heat loss as the weight of the rats 
increases from 100 to 250g. The fraction of evaporative heat loss due to 
she asopigtans is estimated to be 17% at 100g and 32% at 250 g body weight. 
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RESPIRATORY RESPONSES TO THE INHALATION OF 
OXYGEN AT ATMOSPHERIC PRESSURE IN NORMAL 
SUBJECTS AND IN CASES OF CONGENITAL 
HEART DISEASE* 


By R. J. SHEPHARD 
From the Cardiac and Physiology Departments, Guy's Hospital, S.E. 1 


(Received 19 August 1954) 


Since the year 1775, when Priestley first speculated upon the possible beneficial 
and harmful effects of breathing his newly discovered pure dephlosticated air, 
there have been frequent attempts to assess physiological responses to increased 
tensions of inspired oxygen. Until comparatively recently, it has been thought 
that under certain conditions of administration, oxygen could act as a poison, 
and in an exhaustive review of earlier literature, Bean (1945) was able to quote 
examples of a variety of pathological lesions which had been attributed to the 
breathing of oxygen. 

In the last decade, it has been ‘piedaals recognized that the harmful 
effects of oxygen have been over-emphasized. However, if accurate measure- 
ments are made, it can be shown that oxygen produces certain positive effects 


on the respiratory system. Several careful studies have now been reported in 


which the effects of breathing high concentrations of oxygen have been com- 
pared with the response to air, given by the same apparatus under the same 
environmental conditions. In each case a definite response has been shown, 
the nature and magnitude of this response varying with both the state of the 
subjects and the duration of the experiments, 

Initially in normal adults (Dripps & Comroe, 1947), newborn infants 
(Cross & Warner, 1951), and dogs (Watt, Dumke & Comroe, 1943), there is 
some decrease in respiratory minute volume. However, this phase is rapidly 
succeeded by a slight hyperventilation which persists for at least 30 min. 
The magnitude of the latter change is in the range 6-20%, higher values 


tending to occur where observations have been made over longer periods 
(Table 1). 


* The work described in this paper has been submitted in part fulfilment of the requirements 
for a Ph.D. degree in the Faculty of Science, University of London. 
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The effect of oxygen is accentuated by a pre-existing hypoxia (Cross & Oppé, 
1952), anaemia (Chiodi, Fasciolo, Suérez & Taquini, 1948), and pregnancy 
(Loeschcke, 1949). On the other hand, during muscular work the administra- 
tion of oxygen actually decreases ventilation (Nielsen, 1936), and again during 
chloral anaesthesia oxygen has a pure depressant action on respiration 
(Binet & Strumza, 1947). At least four factors probably contribute to these 
differences in response: (i) alterations in the sensitivity of the respiratory 
centre; (ii) alterations in the buffering capacity of the blood; (iii) alterations 
in the level of resting chemo-receptor activity; (iv) alterations in metabolism 
associated with the presence of an oxygen debt. 


TaBLE 1. Summary of earlier literature on oxygen hyperventilation 


Increase in 
minute vol. with 
100% oxygen at 
atm c Duration of 
pressure experiments 
Authors (%) (min) 
Shock & Soley (1940a) 13-6 15-20 
Watt, Dumke & Comroe (1943) 6-0 2 
Keys, 16-0 15-20 
Edelmann, Whitehorn & Hitchcock (1945) 20-0 
Dripps & Comroe (1947) 76 6-8 
Alveryd & Brody (1948) 15-4 20-30 


It was thought of interest to examine whether any of these factors operate 
in congenital heart disease to produce an abnormal response to oxygen. 
Further information on the time relationships and aetiology of the observed 
hyperventilation has also been sought in normal individuals, and the response 
to mixtures of oxygen and carbon dioxide has been considered. 


METHODS 

Gas administration. Except where otherwise indicated, gas was supplied by a standard B.L.B. 
mask with sorbo pad constant expiratory leak, flow rates being controlled by bobbin flowmeter. 
It was thought advisable to make a direct estimate of the alveolar oxygen concentration achieved 
at different flow rates, and an experienced subject (R.J.S.) was used for this purpose. Gas flow 
was interrupted at the peak of a normal inspiration, and an alveolar sample was then collected 
and analysed in the standard Haldane gas-analysis apparatus employing a nitrogen dilution 
technique. The results show (Fig. 1) that at a flow rate of 6 l./min, a concentration of 60% oxygen 
was reached in the alveolar gas in about 15 min. With a flow rate of 9 1./min, the concentration 
rose within 5 min to about 80%, a fairly steady level then persisting throughout the period of 


observation (25 min). Many workers, particularly in the United States, use very high rates of 


flow (e.g. Wood (1948) uses 261./min). However, the 91. maximum originally advocated by 
Boothby, Lovelace & Uihlein (1940) is more consistent with subjective comfort and reasonable 
economy in cylinders, and the present findings confirm the view that little can be gained by _ 
a further increase in flow at atmospheric pressures. i 

Owing to difficulty in obtaining alveolar samples at the precise moment that oxygen flow is 
interrupted, it has not been possible to extend these preliminary observations to the congenital 
heart cases, However, the efficiency of the B.L.B. mask depends mainly on the care with which 
the face-piece is applied—a factor which can be controlled by the investigator—so that it is 
reasonable to assume that a similar oxygen concentration was achieved in the clinical cases. 
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Respiratory measurements. The respiratory minute volume and carbon dioxide output were 
measured by the Douglas bag method. The respiratory rate and tidal volume were measured by 
a stethograph cuff placed round the level of maximal excursion of the chest and fixed to the 
clothing to prevent slipping; the record being calibrated at the beginning of each experiment by 
asking the subject to breathe at varying depths into a spirometer circuit. Alveolar gas samples 
(inspiratory) were obtained by the classical Haldane-Priestley technique, which emphasizes 
speed of delivery. Oxygen consumptions were measured by Benedict—Roth spirometer, the 
oxygen concentration within the spirometer being assessed by means of a paramagnetic oxygen 
analyser, the characteristics of which have been described previously (Shephard, 1954, 1955). 


Oxygen 91./min 


8s 


Alveolar oxygen concentration (%) 


0 5 10 15 20 25 
Time in minutes 
Fig. 1. Alveolar oxygen concentrations achieved by B.L.B. mask. Experienced subject (R.J.S8.). 
Inspiratory alveolar samples obtained during momentary interruption of gas flow. 


Subjects and experimental conditions. Two experienced normal subjects (R.J.8., 3, 23; 8.8., 9, 19) 
and twenty-eight subjects with congenital heart disease took part in these experiments. The 
clinical material was divided, on the basis of systemic blood flow and arterial oxygen saturation 
(measured at cardiac catheterization on the previous day), into cyanotic and acyanotic groups of 
equal numbers and approximately the same age and sex (Table 2). The acyanotic group included 
ten patients with increased right ventricular pressure, and four patients with an increased pul- 
monary flow. The cyanotic group included ten patients with central cyanosis, and four patients 
with peripheral cyanosis. 

All measurements were made after a 15 min period of rest with the subjects seated on a stool of 
comfortable height. The sitting position was chosen partly in the interests of economy of space, 
but it was also felt that in the younger subjects a more natural pattern of respiration would be 
achieved in this way than by lying on a forbidding hospital couch. 
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Since the data were collected under resting and not basal conditions, it was thought desirable 
to make a further subdivision of the hospital patients, one group receiving oxygen in the morning 
and air in the afternoon, the other air in the morning and oxygen in the afternoon (see Table 2) 


Taste 2, Grouping of patients for oxygen experiments 


Morning oxygen Afternoon oxygen 
Acyanotic Cyanotic ‘Acyanotic Cyanotic 
Age 
Case Sex (yr) Case Sex (yr) Case Sex (yr) Case Sex (yr) 


pulmonary flow Peripheral cyanosis pulmonary flow Peripheral cyanosis 


Increased R8.V. pressure § Central cyanosis Increased B.v. pressure § Central cyanosis 


Néat M. 33 M 12 NS F. 19 Ch M12 
Total 4M. 4M. 4F, 4F. 


* Principal lesion = pulmonary stenosis, but also small left to right shunt through patent 
ductus arteriosus. 
t Anomaly of pulmonary venous drainage. 


RESULTS 


Response to 100% oxygen 
Oxygen had been administered for a period of 30 min in most of the experi- 
ments now to be described. In the clinical cases, it was thought that the 
wearing of 4 B.L.B. mask for this time might of itself produce alterations in 
the pattern of respiration; there was also the problem of a possible difference 
in the level of resting respiration between morning and afternoon sessions, 
due to the times of feeding in the wards. To overcome these two difficulties, 
the effects of oxygen on the hospital patients have therefore been compared 
with the effects of compressed air given at the same rate and for the same 
period. No subject was told which gas mixture he was breathing, half being 
given oxygen during the morning session, and half oxygen during the afternoon 
session. After the usual preliminary period of rest, the resting respiratory 
minute volume, alveolar carbon dioxide concentration, and carbon dioxide 
output were determined. The gas mixture was next supplied for 30 min, these 
measurements then being repeated. Changes have been expressed as a per- 
centage of the observed resting value for this experimental session. In the two 
normal subjects, changes in the pattern of ventilation and the level of oxygen 
consumption have also been examined. 
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Respiratory minute volume. The normal subjects show a small but significant 
increase in respiratory minute volume in response to 30 min oxygen (Fig. 2), 
the magnitude of this change agreeing quite well with previous estimates over 
comparable periods (Table 1). 

The cases of congenital heart disease show a similar pattern of response, with 
a small fall in minute volume after breathing air through the mask, and a small 
increase in minute volume after breathing oxygen (Fig. 3). Considering now 
the different types of congenital heart disease, it can be seen that the total 


Respiratory minute volume (I./min BTPS) 


n=14 


Fig. 2. Effect of oxygen on respiratory minute volume. Normal subjects. The minute volume 
after breathing oxygen for 30 min is compared with the resting minute volume, breathing air. 
The mean and standard error of the mean are shown for the stated number of degrees of 


freedom (n). The effect of oxygen is highly significant. (For R.J.S., P =0-02-0-01, and for 
8.8., P = <0-001.) 


difference between air and oxygen experiments is rather smaller in the cyanotic 
patients, but this is due purely to a smaller reduction in minute volume whilst 
breathing air, and statistical analysis shows that the difference between cyanotic 
and acyanotic patients has a high probability of chance occurrence (P =0-3). 
Further subdivision of the cases is not very rewarding because of the small 
numbers in each group. The four cases with peripheral cyanosis show a total 
change (+4-4%) similar to the ten cases with central cyanosis (+5-9%); the — 
four cases with increased pulmonary flow show a rather greater change 
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(+26-7%) than those with an increased right ventricular pressure (+7:8%). 
However, none of these changes in ventilation differs significantly from the 
normal response to oxygen. 

It will be noted. that in both acyanotic and cyanotic patients the resting 
level of ventilation is approximately 10% higher during the afternoon session, 
and this difference can probably be attributed to the effect of luncheon. | 
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Fig. 3. Effect of oxygen on respiratory minute volume. Congenital heart cases. The minute 
volume after breathing oxygen via a B.L.B. mask for 30 min is here compared with the 
minute volume breathing air through the mask for the same period, changes being expressed 
as a percentage of the initial resting value. The mean and standard error of the mean are 
shown for cyanotic and acyanotic groups. The total change (30 min oxygen minus 30 min 
air) does not differ significantly from that observed in normal subjects. 


Pattern of respiration. The pattern of respiration was recorded by stetho- 
graph before and during the breathing of oxygen from a Douglas bag for a 
period of 3 min. The changes are rather close to the limits of accuracy of 
the method, but the results in two normal subjects suggest that the initial 
factor responsible for the increased ventilatory volume is an increase of tidal 
volume, with little change in rate (Table 3). | 

The figures given by Alveryd & Brody (1948) show that after 20-30 min, 
the main increase is in rate (+11-9%), with a smaller change in tidal volume 
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(+2:9%). This difference may be related merely to the time at which the 
observations were made, for Lambertsen, Kough, Cooper, Emmel, Loeschcke 
& Schmidt (1953) report that the hyperventilation produced by oxygen at 
three atmospheres is entirely attributable to an increase in tidal rome at 
15 min, but at 30 min there is also some increase in rate. 


Tasxe 3. Effect of 100% oxygen on pattern of respiration 


(Measurements by stethograph after breathing oxygen from Douglas bag for 3 min, compared 
with values breathing air. Two normal subjects.) 


Oxygen Air ‘Oxygen 
Mean tidal volume 413 ml., stPp 437 343 391 
8.E. 16 Te STPD 10 4} 19 
n 
Difference 24 mi, (467%) 48 ml., 
8.E. (difference) +19 ml, STPD +24 ml., 
t eke 1-26 2-00 
P 08-02 : 0-05 
Mean respiratory rate 14-32/min 14-25/min  13-8/min 14-4/min 
8.E. +0-3/min +0-3/min +0-3/min +0-35/min 
n aes 8 10 10 
Difference 0-07/min ( -0°5%) 0-58/min (+4-0%) 
8.E. (difference) +0-4/min 


0-3-0-2 


Alveolar carbon dioxide concentration. If the hyperventilation with oxygen 
can be explained in terms of a local accumulation of carbon dioxide in the 
tissues of the respiratory centre, as has been suggested by Lambertsen et al. 
(1953), a fall in alveolar carbon dioxide concentration would be expected. 
MacKay (1943) has suggested that a change in pulmonary flow can also alter — 
alveolar carbon dioxide concentration independently of changes in ventilation. 
There is some evidence that oxygen brings about a small reduction in cardiac 
output (Whitehorn, Edelmann & Hitchcock, 1946; Dripps & Comroe, 1947), 
but it seems unlikely that relative over-ventilation persists for more than the 
immediate period of adjustment in pulmonary flow. It is therefore reasonable 
to attribute changes in alveolar carbon dioxide concentration over longer 
periods to changes in respiratory minute volume. 

In normal subjects a fall in alveolar carbon dioxide concentration is clearly 
demonstrated after 15 min oxygen inhalation (Fig. 4). In some experiments 
there is a further slight fall up to 30 min, although the latter change is not 
statistically significant. In a number of experiments, oxygen was followed by 
compressed air, supplied at the same rate. In subject R.J.S. there was a 
complete return to normal carbon dioxide concentrations within 15 min, but 
in 8.8. the final values were still a little below the initial resting level. 

_ Previous experiments by Dautrebande & Haldane (1921) showed a rather 
smaller change in alveolar carbon dioxide concentration (6-25% falling to 
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6-04%), and it seems reasonable to relate this to the shorter period of ad- 
ministration (5 min). Lambertsen e¢ al. (1953), measuring ventilatory minute 
volume at 15 and 30 min, again found evidence that the level of ventilation 
was somewhat greater at 30 min. Thus it would seem that the oxygen hyper- 
ventilation is a progressive change, developing over a period of up to 30 min. 


Subject R.J.S. 


w 


Alveolar CO, concentration (%) 


3 


15 30 15 30min 


Alveolar CO, concentration (%) 


Oxygen Air 


Fig. 4, Effect of oxygen on alveolar carbon dioxide concentration. Two normal subjects breathing 
oxygen, followed by air, from the B.L.B. mask. In both subjects, oxygen produces a highly 
significant fall in alveolar carbon dioxide concentration (P =0-001 and 0-001-0-01 respec- 
tively). On switching to air, the carbon dioxide concentration returns towards normal, 
although in 8.8. this trend is not completed at 30 min. 


In the clinical cases, it was not possible to show any clear-cut changes in 
alveolar carbon dioxide concentration following the administration of oxygen. 
This may be due in part to a difficulty in obtaining genuine alveolar samples, 
but a difference between morning and afternoon resting samples was revealed 
quite consistently, and it is probable that a more important cause was a 
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simultaneous variation in the composition of alveolar gas produced by the 
digestive processes (Dodds, 1921). 

Effect on metabolic rate. If the hyperventilation with oxygen be considered 
as owing to an increase of carbon dioxide tension within the tissues of the 
respiratory centre, this change might be due to an increased production of 
carbon dioxide, or to failure of transport with normal metabolic production of 
this gas. 

The metabolic rate was examined at two levels of oxygen supply—73 and 
21% oxygen. To produce high oxygen concentrations, the spirometer can was 
flushed 3 times with oxygen. The average level in the tubing leading to the 
mouthpiece during a 10 min experiment was then of the order 70-75 % (a value 
which corresponds fairly closely with that achieved by the B.L.B. mask). To 
_ produce low oxygen concentrations, the spirometer was almost filled with air, 
and 500 ml. of oxygen was then added. This gave an initial oxygen concen- 
tration of about 25°%, and an average level for a 6 min period of 20-22%. 

For comparison, each subject breathed the following concentrations of 
oxygen in turn: 73, 73, 21 and 73%. The first experiment allowed the subject 
to become accustomed to breathing into the apparatus, and was discarded for 
purposes of subsequent analysis. There was no consistent difference between 
the remaining three groups of observations in either of two normal subjects 
(Fig. 5). 

To examine the effects of a longer period of oxygen administration, oxygen 
was given by the B.L.B. mask for 30 min, spirometer tracings (73° oxygen) 
being taken immediately before and immediately afterwards. In subject 
R.J.8. there was still no definite change, but in 8.8. there was a small but 
consistent increase in metabolic rate (Table 4). This would seem to be a 
genuine effect of oxygen, for in a comparable series where air was given for 
the same period no significant change could be detected. The onset is rather 
late to associate with the oxygen hyperventilation, and it may be an irritative 
response. 

There is some disagreement in the literature concerning the effects of oxygen 
on metabolism. In their classical paper, Benedict & Higgins (1911) were unable 
to show any change over a period of 15 min. On the other hand, Behnke, 
Johnson, Poppen & Motley (1935) reported a definite increase in oxygen con- 
sumption which was greatest in the first 20 min. This apparent discrepancy 
is due to differing views on oxygen/nitrogen exchange during the course of 
spirometry. Benedict & Higgins supported the earlier view of Durig (1903) 
that loss of nitrogen was approximately balanced by gain of oxygen, and could 
therefore be neglected. However, Behnke et al. (1935) introduced a quite large 
correction, believing that nitrogen elimination far exceeded oxygen solution. 
In view of the relative solubilities of the two gases, this is a surprising belief, 
and difficult to support. The present findings are in keeping with the view that 
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there is no immediate rise in oxygen consumption on breathing oxygen, and it 
is therefore difficult to attribute hyperventilation to a stimulation of meta- 
bolism by this gas. 


Resting oxygen consumption (ml./min STPD) 


n=4 
n=§ 
n=5§ 
n=5 


= 73%, oxygen 
21% oxygen 


Fig. 5. Effect of oxygen on metabolic rate. The mean and standard error of the mean are shown for 
observations on two normal subjects. There is no significant difference in metabolic rate 
when the spirometer is filled with air in place of oxygen. 


TaBix 4, Effect of longer periods of oxygen administration on resting oxygen consumption 

(Gas supplied by B.L.B. mask at 9 1./min. Oxygen consumptions measured by Benedict-Roth 
spirometer. T'wo normal subjects.) 3 : 
Mean change in oxygen consumption s.z. n t Pe 
R.J.8. After 30 min o by 

- 082% +2-84 5 0-29 Not significant 

8.8. After 30 min o by ; 
B.L.B. mask 
+8-87% +2°16 6 3-22 0-02-0-05 
8.8. After 30 min air by B.L.B. 

mask 


+2-20% +3-40 6 0-65 Not significant 


Carbon dioside output. During the early phases of oxygen administration, it 
seems probable that carbon dioxide output will vary with the ventilation; 
during the first minute the output should be less, and during the succeeding 
few minutes the output should be greater than whilst breathing air. Finally, 
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provided that there is no change in the level of metabolism, carbon dioxide 
output should return to the initial resting level. Neither the two normal 
subjects, nor the two groups of patients show any significant deviation in 
carbon dioxide output after half an hour of oxygen (Table 5) which is in 


keeping with the reaching of a steady alveolar carbon dioxide concentration 


Tasiz 5a, Change in carbon dioxide output 
(Carbon dioxide output after breathing oxygen via B.L.B. mask for 30 min compared with 
normal resting values. Two normal subjects.) 


Normal resting After 30 min O. Difference, 

Test values via B.L.B. mask air: oxygen 
Subject R.J.8. 
Mean 239-5 ml./min stPp 235:6 ml./min stPp ~ 3-9 ml./min stPp 
ml./min stPp +6-0 ml./min +79 STPD 
n 10 5 ae 
t — — 0-49 
Subject 8.8. 

Mean 202-6 ml./min stPp 220-0 ml./min stPp +17-4 ml./min stPp 
8.E. +5-3 ml./min stPp +116 STPD +12-7 STPD 
n 7 
t 1-37 
P — — Not significant 


Tasie 56. Changes in carbon dioxide output 


(Changes in carbon dioxide output produced by breathing (1) air at 9 L/min and (2) oxygen 
at 9 1./min via a B.L.B. mask for 30 min. Twenty-eight cases of congenital heart disease.) 


After 30 min air After 30 min O Total difference, 
Test via B.L.B. mask via B.L.B. mask air: oxygen 
Acyanotic 
Mean change from initial — +6-05% + 13-03% 
8.B. +3-62% 46-34% +7-56% 
n 14 13 
t 1-73 0-95 1-73 
P Not significant 
Cyanotic 
Mean change from initial +3-36% 0-09 % -3:27% 
ue 
8.E, +3-39% +3-99% 
n 14 14 
t 0-99 0-05 0-82 
P Not significant 


as previously noted. However, if the total change in carbon dioxide output 
(effect of 30 min oxygen minus effect of 30 min air) is plotted against the 
total change in ventilation, it can be seen that where oxygen has produced 
a large increase in ventilation, the carbon dioxide output may be greater than 
normal even after the lapse of half an hor (Fig. 6). 


Effect of oxygen|carbon dioxide mixtures on ventilation 
The literature contains two relevant papers. Shock & Soley (19405) 
considered the response to oxygen/carbon dioxide mixtures as a simple 
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summation of the hyperventilation produced by the individual gases. How- 
ever, in a more recent study, Asmussen & Nielsen (1946) showed that when 
the alveolar CO, was brought above a critical level by the breathing of higher 
concentrations of carbon dioxide, the ventilatory minute volume was actually 
decreased by the addition of oxygen, although at lower carbon dioxide tensions 
a typical additive response might be obtained. 
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Fig. 6. Relationship between changes in CO, output and changes in ventilation. The total change 
in carbon dioxide output (effect of 30 min oxygen minus effect of 30 min air) is here plotted 
against the total change in ventilation. Note that in those subjects showing a large increase 
in ventilation, the CO, output is still increased at 30 min. @, acyanotic; A, cyanotic; 
O, 8.8.; x, R.JS. 


In the present work, two normal subjects breathed in turn air/carbon 
dioxide and oxygen/carbon dioxide mixtures from a large Douglas bag, and 
the total ventilation over varying periods was determined by collecting the 
expired gas in one or more smaller bags. The ‘extra-ventilation’ has been 
calculated by subtracting from the total ventilation the epee resting 
ventilation for the same period. 
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In Fig. 7 the total extra-ventilation observed in different experiments is 
plotted against the numerical order in which these experiments were carried 
out. It can be seen that there has been a striking change in the pattern of 
extra-ventilation with repetition of the observations. Initially, there was a 
considerable extra-ventilation even in experiments lasting only 1 min, but as 


the observations were repeated over a period of about 10 weeks the onset of 
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Fig. 7. Effect of oxygen in combination with CO,. The total extra-ventilation at selected times 
(1-5 min) breathing air + 5% CO, (open circles) or oxygen +5% CO, (solid circles) is plotted 
against the numerical sequence in which individual observations were made, With repetition 
of the experiments, there is a striking delay in the onset of hyperventilation, and the total 
extra-ventilation is much diminished. However, there is no difference between the air and 


oxygen experiments. Subject.R.J.8. Similar, but less striking changes were observed in the 
other normal subject. 7 


hyperventilation was delayed, and the total extra-ventilation became smaller, 
particularly in subject R.J.8. There were no obvious alterations in the external 
environment during this period, and comparison of the alveolar carbon dioxide 
concentration before and after intermittent exposure to the carbon dioxide 
mixture reveals no significant chemical change to account for the different 
response (Table 6). The most probable explanation seems a gradual alteration 
in mental approach to the experiments, for even with experienced subjects it 


wan 
ss 
om 
a 
i 
ar 
a 


ome @ 


RESPIRATORY RESPONSES TO OXYGEN 511 


is difficult to maintain a uniformity i in the influence of higher centres on the 
respiratory system. 

In comparing the response to 5%, mixtures of carbon dioxide in air and 
oxygen respectively, it is therefore necessary to note the sequence in which the 
experiments are carried out. If this is done as indicated in Fig. 7 it can be 
seen that at both early and late stages of adaptation to carbon dioxide, the 
extra-ventilation is very similar whether “ie gas is supplied in combination 
with air or oxygen. 


Taste 6. Alveolar carbon dioxide concentrations before and after intermittent exposure to 
5% mixtures of carbon dioxide 


(Inspiratory gas samples. Concentrations expressed as percentage of alveolar gas TPS. 
Neither subject shows any significant change.) 


Subject: ... R.J.8. 8.8. 
(a) Initia (6) Final Initial b) Final 
Observation v. samples alv, samples aly, samples Vv. samples 
Mean CO, concentration 6-08 6°15 4-81 4-64 
+0-08 40-15 +0-09 
n 19 24 14 20 
(b) - (a) +0-07 -0-17 
(b +009 =. +017 
t 0-8 1-00 
P 0-4 0-3 
DISCUSSION 


The recent work of Lambertsen et al. (1953) has provided good evidence that 
the principal factor responsible for hyperventilation during oxygen inhalation 
at three atmospheres pressure is a local accumulation of carbon dioxide in the 
tissues of the respiratory centre, revealed by a rise in pCO, of cerebral venous 
blood. This change has been attributed to a failure of carbon dioxide trans- 
port, for although changes in cerebral flow can be demonstrated, they are no 
greater than would be produced by a comparable level of voluntary hyper- 
ventilation. The total retention of carbon dioxide need not be large. An 
accretion of some 1500 ml. of carbon dioxide is sufficient to maintain a 200% 
increase in ventilation (Shephard, unpublished) and assuming a constant 
relationship between stimulus and response, a 10% hyperventilation could be 
maintained by only 75 ml. of extra carbon dioxide. A volume of this order 
would accumulate quite quickly. The half-time for saturation of the blood with 
oxygen is probably 1-2 min, and once the venous haemoglobin is oxygenated, 
there is the possibility of retaining as much as 20-25 % of the total metabolic 
production of carbon dioxide. Thus it must be admitted that the carbon dioxide 
retention theory can explain a fairly rapidly developing hyperventilation. 
However, it is still by no means certain that failure of carbon dioxide trans- 
port is the only factor involved in the response to oxygen at ambient pressures. 
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It is difficult to explain on this theory either the initial depression of ventila- 
tion, or the reversal of response which is seen under anaesthesia, during heavy 
work, and as a result of breathing high concentrations of carbon dioxide. 
During each of these conditions, chemo-receptor activity is increased, and 
indeed during deep anaesthesia the chemo-receptors may largely control respi- 
ration, both oxygen lack and carbon dioxide excess being effective stimuli. 
Euler, Liljestrand & Zotterman (1939) suggest that the nerve pathway con- 
cerned is common to both oxygen and carbon dioxide receptors, so that under 
these conditions the response to carbon dioxide may be reduced by increasing 
the oxygen tension. It seems likely that even in a normal subject the immedi- 
ate response to an increase in oxygen tension of arterial blood is a cessation of 
tonic impulses from the chemo-receptors, this being responsible for the initial 
diminution in respiratory minute volume. However, the effect is typically 
slight, and is soon more than counteracted by a local accumulation of carbon 
dioxide in the respiratory centre. On the other hand, in conditions where the 
chemo-receptor drive is basically of greater importance, the addition of oxygen 
to the inspired mixture may bring about a greater reduction in minute volume 
which cannot entirely be offset by local accumulation of carbon dioxide. 

_ The resting response to oxygen is small, and therefore not easy to demon- 
strate in clinical material. However, the acyanotic cases of congenital heart 
disease show an increase of minute volume which is well within the normal 
range. Considering now factors which may modify the response of the cyanotic 
group, there is no evidence of an altered sensitivity of the respiratory centre 
unless the arterial oxygen tension is at a much lower level than in any of the 
present series (70% saturation is cited by Davison, Armitage & Arnott (1953) 
as the critical level). Further, the twin factors of an increased chemo-receptor 
discharge and a decreased buffering capacity of the blood (Shephard, un- 
published) probably counteract each other to a considerable extent, and 
although the observed hyperventilation does tend to be less than in normal 
individuals, the number of observations is not sufficient to establish the 
significance of this difference. 

The absence of outward response to oxygen when this gas is presented to 
normal subjects in combination with 5% carbon dioxide is again in keeping 
with the above concepts, since at this concentration (3-4 mm Hg change in 
alveolar pCO,) the two factors of decreased chemo-receptor drive and increased 
local stimulation of the respiratory centre should be closely balanced. 


SUMMARY 
1. Oxygen has been administered by the B.L.B. mask to two normal 


subjects and twenty-eight cases of Soheuaita heart disease, and the effects on 
respiration have been observed. 
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2. The normal subjects show a consistent increase in minute volume com- 
parable with that previously reported. Fourteen acyanotic patients show 
a very similar average response to oxygen. In fourteen cyanotic patients, the 
response tends to be slightly less, but this difference is not statistically 
significant, 

3. Initially at least, the increase in ventilation is due to a greater tidal 
volume, with little change in respiratory rate. 

4. The alveolar carbon dioxide concentration falls steeply during the first 
15 min of oxygen administration but there is no consistent further change at 
30 min; this suggests that by the latter time a steady level of hyperventilation 
has been reached. 

5. The metabolic rate does not change with brief periods of oxygen ad- 
ministration, but over a 30 min period a slight increase—perhaps irritative in 
type—is shown by one of two subjects. 


6. In keeping with (4), no group shows a significant alteration of average 
carbon dioxide output at 30 min, although the output is still increased in those 
individuals where oxygen has produced a large increase of ventilation. 

7. The response to 5% carbon dioxide/air mixtures is not altered by the 
addition of oxygen, but there is a striking decrease in the level of extra- 
ventilation with repetition of the experiment. 

8. The respiratory effects of oxygen are best explained by a reduction in 
chemo-receptor activity in association with a local accumulation of carbon 
dioxide in the respiratory centre. The degree of hyperventilation observed 
depends on the relative magnitudes of these two opposing effects. 


in preparing the figures. 
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A CRITICAL EXAMINATION OF THE 
DOUGLAS BAG TECHNIQUE* 


_ By R. J. SHEPHARD 


From the Cardiac Department and the Physiology Department, 
Guy’s Hosyital, London, S.E. 1 


(Received 30 August 1954) 


Although the Douglas bag method of measuring respiratory exchange has been 
in routine use for many years, there is little published work concerning the 
errors that may arise from diffusion of gas through the fabric and proofing of 
the bags. 

In the original description of the method (Douglas, 1911), it was suggested 
‘each bag should be examined carefully to see that the rate of diffusion through 
its walls is negligible’. However, it was found that even with careful selection 
of bags some loss of carbon dioxide was apt to occur, and this loss was attributed 
to solution of carbon dioxide in the rubber of the proofing (Douglas & Priestley, 
1948). There kas been no real agreement on the time that elapses before a 
significant loss of carbon dioxide occurs. Michaelis & Miiller (1942) examined 
bags of 1000 1. capacity, and found a measurable decrease of carbon dioxide 
concentration in 15 min. On the other hand, Mills (1951), using bags of more 
usual size, reported that with physiological mixtures of carbon dioxide there 
was a@ fall in concentration of not more than 0-2-0-46% per diem. Siebe- 
Gorman (personal communication), in a limited number of experiments with 
bags of 30 and 100 |. capacity, observed a change in concentration of inter- 
mediate rate amounting to about 0-8 % in the course of a day. The explanation 
of these apparently divergent results is that all have been based on estimates: 
of carbon dioxide concentration alone; to obtain accurate information about 
the behaviour of Douglas bags in general, it is necessary to consider other 
variables, particularly the volume of gas in the bag and the surface area of the 
bag in question. 


* The work described in this paper has been submitted to the University of London in part 
fulfilment of the requirements for a Ph.D. degree in the Faculty of Science. 

t Since completion of this work, Balchum, Hartman, Slonim, Dressler & Ravin (1953) have 
described some of the physical factors affecting diffusion from the Douglas bag. Their findings are 
in substantial agreement with those reported here. 
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The present paper examines some of these variables. It is established on 
physical grounds that loss of gas occurs by a process of molecular diffusion. 
Diffusion coefficients for each of the respiratory gases are determined, and the 
significance of these findings is discussed in relation to the laboratory use of 
the Douglas bag. 

METHODS 

Douglas bags. These were the standard Siebe-Gorman pattern (fabric coated with vulcanized 
rubber), with total capacities ranging from 60 to 200 1. Some were of recent purchase, but others 
had seen routine service for periods of up to 20 years. A careful preliminary inspection of the bags 
was carried out, and those with obvious structural faults were discarded. As a further precaution 
against the inclusion of bags with structural faults in this series of experiments, the bags were 
filled with air for a period of 24 hr, and those that showed a significant decrease in volume over 
this period were also rejected. 

Gas analysis. Carbon dioxide concentrations were determined by the standard Haldane gas- 
analysis apparatus, gas samples being collected in evacuated sampling tubes of 70 ml. capacity. 

Oxygen concentrations were measured with a paramagnetic oxygen analyser kindly loaned by 
the British Oxygen Corporation. This apparatus has been described in more detail elsewhere 
(Shephard, 1954). For the present purpose it is sufficignt to note that oxygen concentrations could 
be estimated to 0-1%, involving an error of 1% in measurements of the oxygen diffusion rate. 

Gas volume measurements. A number of factors may cause serious inaccuracies in the measure- 
ment of gas volumes by the Douglas bag and water-sealed gasmeter, and it is essential to minimize 
these sources of error if an adequate measure of diffusional changes is to be obtained. 

There may be leakage at structural faults in the bag, and such changes must be distinguished 
from pure diffusion through the substance of the fabric and proofing. However, this factor was 
eliminated by the method of selecting the bags used in these experiments. 

The correct use of the gasmeter itself is also important. Krogh (1920) and Liljestrand (1918) 
have emphasized that to avoid inaccuracies from fluctuations in the water-level and variations in 
the gas volume transported per revolution, the meter must be operated at a speed of less than 
2 rev/min. In this laboratory, small gas volumes (up to 5 1.) have been delivered from a spirometer 
at this speed, and there has been agreement with the gasmeter reading to within 0-01 1. (that is, to 
within the limits of accuracy of the spirometer). However, where larger gas volumes have been 
collected in a Douglas bag, a loss of gas has been observed, the magnitude varying with the total 
volume of gas passed through the meter (Fig. 1). Thus in experiments where a Douglas bag was 
filled via the meter, it was necessary to correct the dial reading for this loss. 

With mixtures containing carbon dioxide, there is a further possible error from absorption of 
gas in the water-seal of the meter. The volume of water approaches 4 1., and an application of 
Henry’s law shows that with a 5% mixture of carbon dioxide under laboratory conditions of 
temperature and pressure, absorption could be as much as 0-3 1. However, it would seem that this 
loss was avoided in the present experiments by saturating the meter with carbon dioxide, since 
there was no change of carbon dioxide concentration associated with passage of gas through the 
meter, and the loss of gas during the filling of a Douglas bag with a mixture containing 95% 
reg and 5% carbon dioxide was closely similar to that found for a comparable initial volume 

air. 

The use of gas sampling tubes may also introduce errors of up to 1 1. unless particular care is 
taken to measure and control the Ryne of gas lost in this way (Shephard, 1954). In the present 
experiments, three evacuated sampling tubes (total capacity 0-21 L) were used, the first serving to 

ysis. 

Finally, care must be taken to ensure complete emptying of the Douglas bag. The technique 
adopted consisted of folding the bags to a standard pattern, and compressing until the meter 
indicated that no further gas was being expressed. Michaelis & Miiller (1942) have suggested that 
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as an alternative procedure the bags might be allowed to aspirate the gas under investigation at 
the beginning of each experiment, a standard correction of 2-5 1. being subtracted from the final 
volume measurement. However, this is clearly incorrect, since the elastic properties of individual 


bags vary greatly, and the amount aspirated may range from 0-5 to 5-0 1. 
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Fig. 1. Relationship between loss of gas in meter system and volume of gas passed through gas- 
meter: the graph shows the mean and standard error of ten successive estimates of loss at a 
given gas volume; seven experiments with different volumes of air, and one experiment with 
mixture of 5% carbon dioxide in oxygen. The loss of gas has been expressed in terms of 
ambient temperature, pressure saturated with water (aTPs). Regression line fitted by the 
method of least squares (P =0-01-0-001), 


RESULTS 


It is well known that a loss of carbon dioxide may occur if gas mixtures are 
stored in the Douglas bag. The amount of this loss bears a close relationship 
to the period of storage. Typical results with a bag of 100 1. capacity containing 
initially 50 1. of 5% carbon dioxide in oxygen are illustrated in Fig. 2. It is 
usually accepted that the loss can be attributed to diffusion of carbon dioxide 
through the wall of the Douglas bag, but to establish the truth of this concept 
it is necessary that certain additional relationships should be satisfied: 
(a) partial pressure gradient—for a given Douglas bag, the gradient at the 
bag/air interface should govern the rate of exchange of the gas under con- 
sideration; (b) surface area—if bags of similar fabric are compared, the rate of 
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loss of gas should depend upon the surface area; (c) type of gas—a clearly 
defined diffusion coefficient should be applicable to a given fabric and gas, and 
in bags of similar design the ratio of the diffusion rates for different gases 
should be similar. 


20 


15 


Loss (litres of CO;) 
T 


0 10 20 30 40 50 60° 70 
Time in hours | 


Fig. 2. Loss of carbon dioxide from Douglas bag: 100 1. Douglas bag containing initially 50 |. of 


a 5% mixture of carbon dioxide in oxygen. Note that the bag shows a steady decrease in 
carbon dioxide content bearing a close relationship with time. 


The influence of partial pressure gradient 

To calculate the partial pressure of gases stored in the Douglas bag, it is 
necessary to know the excess pressure within the bag. Measurements were 
made quite simply by connecting a water manometer to the side-tubing. It 
was found that there was an approximately linear relationship between excess 
pressure and total gas content (Table 1). However, unlike the small and fully 
inflated bags used on Everest (Pugh, 1953), the excess pressure was low, the 
maximum value being about 4mm H,O with the larger bag, and 13 mm H,0 
with that of smaller capacity. The pressure required to operate the gasmeter 
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was somewhat higher, averaging 20 mm H,0, but the bags were only subjected 
to this pressure for a relatively short time. Thus for the purpose of calculating 


partial pressures, there is little error in considering the pressure within the ~~ 
as atmospheric. | 


TABLE I, Pica pressures in Douglas bag at varying degrees of filling 
Bag 061 (60 | 1. capacity) Bag 101 (100 1. capacity) 
Vol. of gas Excess Vol. of gas Excess 


bag pressure inbag pressure 
(L) ates (mm HO) ~—s (mm 


22-25 3 15-82 2 
26-79 | 4 27-50 3 
30-25 6 29-17 3 
45°25 8 37-50 3 
47-29 6 45-21 3 
52-29 8 60-00 4 
63-45 13 72-50 4 
70-20 13 100-00 4 
Bag 101 
50 
35 S0e 50 
9 
15 
50 
10 
50 


Rate of loss of carbon dioxide (ml./hr) 

Fig. 3. Relationship between rate of loss of carbon dioxide and average carbon dioxide pressure 
within Douglas bag: Douglas bag of 100 1. capacity containing various total volumes of gas 
mixtures as shown on graph. Regression line fitted by the method of least squares, with rate 
of loss of gas as the dependent variable (P <0-001). | 


The influence of changes of partial pressure gradient on the rate of loss of 
gas was investigated by filling the bags with mixtures containing initially 
1-§% carbon dioxide. For a given bag, it was found that the rate of loss of 
carbon dioxide was related directly to the average partial pressure of this gas 
within the bag (Fig. 3). 

From the theoretical point of view, there are two distinct physical processes 
by which loss of gas may occur: unrestricted molecular movement through 
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apertures of relatively large size, and restricted movement through pores of 
approximately molecular dimensions. In his studies of the diffusion of hydro- 
gen from airships, Shakespear (1916-17) concluded that the first process was 
the more important. However, if diffusion is occurring through defects of this 
type, application of the kinetic theory of gaseous movement shows that the 
loss of gas should be related to the square root of the mean tension gradient. 
The observed direct relationship is in keeping with Graham’s law, and this 
would suggest that in the Douglas bag loss of gas is occurring through pores of 
approximately molecular dimensions. 


The influence of surface area 
_ It can be seen from Fig. 3 that the linear relationship between partial 
pressure gradient and rate of loss of carbon dioxide has been maintained despite 
large variations in the initial gas volume. This suggests that the rate of loss is 
independent of the volume of gas within a bag of given capacity. However, 


the rate of loss for a given partial pressure gradient varies in bags of differing 


total capacity, and it seems probable that this can be related to a difference of 
surface area. Thus if the rate of loss per square metre of surface is calculated 
(Table 2), it can be seen that this value is very similar in each of the bags 
examined. | 


- Tasue 2. Relationship between surface area and rate of loss of carbon dioxide from 
Douglas bags each containing initially 5% CO, in O, 
Total capacity Mean rate of Surface area of Rate of loss/m? — 
surface 


of Douglas bag loss of CO, Douglas bag 
(ml./hr) (m?) 
60 35 


| 0-95 37 
100 43 1-41 31 
200 85 2-30 37 

The influence of type of gas 


The diffusion coefficient for carbon dioxide may be calculated from the slope 
of the graph in Fig. 3. Expressed in terms of a surface area of 1 m?, the 
coefficient is approximately 1 ml./hr/mm partial pressure gradient for each of 
the bags examined. It seems probable that the diffusion coefficient is not 
greatly influenced by the age of the bag, since the 60 and 100 |. bags were of 
comparatively recent purchase, whereas the 200 1. bags had been in routine 
use for up to 20 years. In studies with simple rubber membranes, Edwards & 
Pickering (1920) found that there was no change in the permeability of the 
rubber where the increase in combined sulphur was slight, but when the in- 
crease in combined sulphur was greater the rubber became brittle and there 
was a decrease in permeability. 

To determine the coefficients for oxygen and nitrogen, the bags were filled 
with 100% oxygen, thus giving a pressure gradient of some 560 mm for each 
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gas. It was found that there was a considerable difference between the rate of 
loss of oxygen and the rate of gain of nitrogen, the ratio for the two diffusion 
rates being approximately 2-4 : 1-0 (Fig. 4). At a comparable partial pressure 
gradient, the rate of loss of carbon dioxide would be approximately 10 times 
the rate for nitrogen. Similar ratios have been observed in earlier studies on 
pure rubber membranes (Barrer, 1939) and airship fabrics (Director of Air 
Services, 1918—19). 


55 7 Bag 101 


Mean 


= 


Fig. 4. Diffusion of oxygen from and nitrogen into a Douglas bag: typical results obtained with 
bag of 100 1. capacity filled initially with various total volumes of 100% oxygen, as indicated 
at head of each bar in diagram. Note that the ratio of the two diffusion rates is approximately 
2-4: 1-0. diffusion rate for nitrogen; @, diffusion rate for oxygen. 


Ratios of this order are difficult to interpret in terms of diffusion across a 
simple membrane, and it would seem that the gases are dissolving either in the 
actual proofing agent or in an aqueous film at the bag/air interface, thereby 
altering the effective concentrations of the different gases. The oxygen/nitrogen 
ratio can be reconciled with water solubility as a limiting factor, but the rate 
of loss of carbon dioxide is too slow to explain on this basis. The solubility of 
gases in rubber is rather variable, but the published figures (Ritchie, 1918-19; 
Venable & Fuwa, 1922; Daynes, 1920; Barrer, 1939, 1951) indicate a ratio of 
solubilities for carbon dioxide, oxygen and nitrogen of the order 10:2: 1. 
Thus the behaviour of the Douglas bag fabric towards these different gases is 
best explained in terms of solution in the rubber at the proximal surface, 
diffusion through the rubber, and evaporation at the distal surface. 
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DISCUSSION 
The practical application of these findings remains to be poe Having 
established diffusion coefficients for the three principal components of expired 
air, it is possible to predict the behaviour of gas mixtures of this type on 
storage in a given Douglas bag. 
The possible contribution of nitrogen diffusidn is small, since this gas has the 
lowest diffusion coefficient, and the partial pressure gradient is only a few 
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0 100 200 300 ea 
Time in hours 2 
Fig. 5. Effect of storage on composition of gas in Douglas bag: the graph illustrates the changes in 
concentration of carbon dioxide and oxygen in a typical Douglas bag of 100 1. capacity, 
filled to capacity with a gas mixture containing initially 4% carbon dioxide and 16% 
oxygen. 


mm Hg. At most, the actual amount involved will be about 0-5 ml./hr, and 
for the present analysis this change may be neglected. Fig. 5 illustrates the 
progressive changes in carbon dioxide and oxygen concentrations in a typical 
Douglas bag of 100 |. capacity, filled to capacity, on storage at room tempera- 
ture. Assuming initial concentrations of 4% carbon dioxide and 16% oxygen, 
it can be seen that for the first 100 hr the loss of carbon dioxide exceeds the 
gain of oxygen, and there is in consequence a decrease in the total volume of the 
bag. Over the next 200 hr, the two diffusion rates are sensibly equal, and the 
volume in the bag remains approximately constant. The diffusion of oxygen 
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inwards then begins to exceed the loss of carbon dioxide, and the gas tends to 
show a small increase in volume. In this particular instance, the maximal 
change in volume is of the order of 1% of the total initial volume. 

Normally, bags are only stored for a matter of 10-15 min, and it might 
appear from Fig. 5 that diffusional changes over this period are not important. 
It is certainly true that the gain of oxygen is too small to detect by the usual 
methods of Haldane gas-analysis, but there are circumstances in which the 
loss of carbon dioxide can assume some practical significance. In a typical 
respiratory experiment, 40 1. of expired gas may be collected in a Douglas bag, 
and if the total capacity is somewhat larger (say 200 1.) the carbon dioxide 
concentration would fall by 0-06% in 15 min. If the observer is measuring 
carbon dioxide output or respiratory quotient, this would affect the accuracy 
of his results by as much as 1%. However, a 1% error in the estimated 
respiratory quotient may be acceptable for the determination of metabolic 
rate, since this does not affect the calorific equivalent of the observed oxygen 
consumption by more than about 0-3%. It is clear that the error of all these 
measurements is more serious if a smaller volume of expired air is collected, if 
bags of larger surface area are employed, or if the bags are stored for longer 
periods (as may be the case where technicians prepare gas mixtures for 
classwork). 

To obtain the optimum results with existing bags, it will be seen that these 
should be filled almost to capacity, and if this is not possible it is advisable to 
correct for loss of carbon dioxide even when the period of storage is short. The 
temperature at which the bags are stored is of comparatively little importance, 
since Venable & Fuwa (1922) have shown that at normal room temperature a 
change of 10° C alters the solubility of carbon dioxide in rubber by only 10%. 
Provided that the bag is free of structural faults and the rubber shows no signs 
of becoming brittle, the age appears to make little difference to the rate of 
diffusion. 

To improve the gas-retaining properties of the Douglas bag, it should be 
designed with a minimum area/volume ratio. Little advantage can be gained 
by increasing the thickness of the rubber film, since the factor limiting diffusion 
appears to be the solubility of the different gases in the proofing agent. The 
long-term answer to the problem of diffusion appears to lie rather in a search 
for a proofing agent with the durability and elasticity of rubber, but having 
a much smaller solubility coefficient with respect to the respiratory gases. 


SUMMARY 

1. Errors with the Douglas bag technique are of two types. There may be a 
gross loss of gas contents due to faults of technique, and methods of minimizing 
such a loss are described. However, there is also a selective loss of carbon 
dioxide that is more difficult to overcome. 
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2. The loss of carbon dioxide can be attributed to diffusion through pores of 
molecular size, since the rate of loss bears a direct relationship to both partial 
pressure gradient and.surface area. Other gases also show characteristic rates 
of exchange across the bag/air interface. , 

3. Diffusion coefficients have been determined for carbon dioxide, oxygen 
and nitrogen. The observed ratio of these coefficients (10 : 2 : 1) is compatible 
with rubber solubility.as the limiting factor governing diffusion of gases across 
this membrane. 

4, To minimize diffusional errors, Douglas bags should be filled almost to 
capacity. If this is not possible, within 15 min the loss of carbon dioxide may 
be sufficient to produce a 1% error in the estimated carbon dioxide output, 
and a correction should be applied even for short periods of storage. 

5. Little improvement can be obtained by an alteration in the design of the 
bag or the conditions of storage, since the principal difficulty is the solubility 
coefficient of rubber with respect to the respiratory gases. The ultimate solu- 
tion to the problem lies rather in a search for a more satisfactory proofing agent. 
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INULIN SPACE AND FIBRE SIZE OF STIMULATED 
RAT MUSCLE 


By R. CREESE, J. L. D’SILVA anp 8. E. E. HASHISH 


From the Department of Physiology, 
The London Hospital Medical College, E.1 


(Received 30 August 1954) 


If a limb of an anaesthetized animal is intermittently tetanized for a few 
minutes, the muscles soon become swollen, turgid and pink, and the water 
content increases considerably. Such effects might be produced by swelling 
of the fibres or by extracellular and circulatory changes. In this study it is 
shown that the increased inulin space partly accounts for the rise in water 


content on stimulation. In addition, measurement c/ fibre diameter showed no 


significant increase after tetanization. These results have also been used to 
calculate internal ion concentrations. 


METHODS 


Inulin space. Mature rats were anaesthetized with ether, nephrectomized, and 2 ml. of a warm 
supersaturated solution of inulin (25%, w/v) which had previously been filtered, was injected into 
the external jugular vein. The rats were allowed to recover. After 2-5 hr, sodium amylobarbitone 
was injected into the peritoneal cavity, 0-1 ml. of a 10% (w/v) solution per 100 g being used. In 
some cases, the sciatic nerve was then stimulated. Blood and gastrocnemius muscle were later 
removed. Visible fat was cut away from the muscle, and the latter was usually divided into two, half 
being retained for estimation of water and cations, while the other half was required for estimation 
of inulin in muscle and plasma using the procedure of Ross & Mokotoff (1951). Blank values, 
obtained by dummy experiments without inulin, were subtracted in each case. It was found that 
a larger dose of barbiturate diminished the response of the muscle to stimulation and there was 
then no increase in the inulin space. 


Blood content. Blood in muscle was estimated as alkaline haematin, as used by Conway & 


Fearon (1944), the colorimetric procedure being that described*by Boyle, Conway, Kane & 
O’Reilly (1941). The blank value, which was equivalent to 1-7 g/100 g, was obtained from the 
gastrocnemius muscle after per‘usion with Krebs solution (saline) for 3 hr, which may have 
removed some myoglobin. 

Stimulation. The sciatic nerve of a rat, anaesthetized as above, was exposed and stimulated 
during each alternate second; a succession of single maximal shocks at a rate of 10/sec was 
employed to produce intermittent incomplete tetani. A constant-current stimulator with a 
rectangular-shaped output was used (Bernstein, 1950), with duration 0-5 msec. A load of 5% 
body weight was attached to the leg, and the latter operated a lever whose excursions were 
recorded on a slow drum. Intermittent tetanization was continued for 30 min. This method of 
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stimulation produced considerable changes in water and ion content of the gastrocnemius muscle 
without damage to the axon, as tested by stimulating different portions of the sciatic nerve and 
recording the subsequent contraction. 

Handling of tissues. Muscles were dried at 105° C overnight to obtain the water content. About 
20 mg dried muscle was weighed in a hard glass tube (12 ml.); 0-1 ml. conc. nitric acid plus 0-1 ml. 
water were added, and the tissue was dissolved by heating in a water-bath. About 5 ml. water was 
then added and the tube was again heated for about } hr. This dissolves the tissue except for a 
small pellet of fat. The contents were diluted to 25 ml. in a graduated flask; this gives 4 solution 
suitable for analysis by flame photometer. 

Flame photometer, The instrument resembled that used by Holiday & Preedy (1953), and similar 
corrections were applied when necessary. The blank value for sodium was 2-3 yg; that for potas- 
sium was negligible. 

Cell dimensions. Stained transverse sections were prepared from muscles which were fixed in 
saline containing 10% (v/v) of neutralized formalin and embedded in polyethylene-glycol-mono- 
stearate (Miles & Linder, 1952). The sections were projected on to a screen with magnification 
x 1100, and the outline of the cells seen in cross-section was drawn. About 100 cells from each 
slide were outlined, from at least four areas. The cells were not circular when seen in section. The 
cross-sectional area of each cell was measured by a planimeter and the circumference by a distance 
measurer used in map reading. The diameter of cylindrical cells would be given by 4 x cross- 


sectional area/circumference. In practice the cell size was expressed in the same way, this giving 
a smoothed ‘diameter’ for each cell. 


RESULTS 
When the leg muscles were tetanized intermittently through the sciatic nerve 
the contraction height showed an initial increase which was soon followed by 
a rapid decrease; after 10 min there was then little further change for a further 


20 min. When removed from the animal, the muscles from the stimulated side 
were swollen and ruddy. Analysis showed that there was a large gain of water, 


Resting Stimulated 

(m, panty} 104+ 3 (11) 79+ 7 (11) 

Sodium (m.equiv) 23+ 2 (11) 454+ 8 (11) 

Water (g) 760+ 7 (18) 803 + 15 (18) 
Inulin space (ml.) 96 + 15 (18) 177+ 15 (6) 
Blood content (g) 33+ 8 (5) 86+ 16 (5) 


The results are expressed per kg muscle, +8.D. (with number of experiments). The inulin space 
is given as the ratio: inulin per kg muscle/inulin per ml. plasma. : 
a fall in potassium and a rise in sodium on the stimulated side (see Table 1). 
Results of this kind have been extensively studied by Fenn (1936, 1940) and 
others. To interpret such results in terms of intracellular changes it is desirable 
to measure the extracellular space by a method which does not involve the 
use of chloride or other ions which are known to penetrate cell membranes. 


Inulin space and blood content 
The mean inulin space of the gastrocnemius muscle in the unstimulated 
resting rat was 9-6 + 1-5 ml./100 g (s.p. of 18 determinations about the mean), 
expressed as the ratio inulin per 100 g muscle/inulin per ml. plasma. This may 
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be compared with Ledingham’s (1953) value of 7-5 ml./100 g for thigh muscle 
of the rat, and the value of 7 ml./100 g obtained by Conway & Fitzgerald 
(1942) for muscles of the rabbit. There was no significant difference between 
values obtained 3 and 5 hr after injection of inulin, so that equilibrium had 
been reached. A few values taken 10-20 min after injection indicated that — 
half the inulin diffuses into the intercellular space of the gastrocnemius muscle 
in less than 15 min. 

To determine the inulin space after stimulation rats were anaesthetized, 
nephrectomized and inulin was injected as before; 2 hr later the animals were 
again anaesthetized and one limb was stimulated for 30 min as described above. 
The inulin space of the gastrocnemius muscle increased from 9-6 to 17-7 
ml./100 g+ 1-5 (s.p. of 6). Each value after stimulation was considerably 
greater than the control from the unstimulated limb (P < 0-001). 

The experimental procedures, which included anaesthesia, nephrectomy, injection of inulin and 
stimulation, did not produce significant changes in the water or cation content of the unstimulated 
muscle, as compared with muscles removed immediately from stunned rats used as controls 
(P>0-3 for water content, sodium content and potassium content, by ¢ tests). 

At the beginning of stimulation the inulin content of the muscles was equivalent to a space of 
9-6 ml./100 g. It was not certain that the inulin content had again reached a steady state after 
30 min stimulation. It is likely, however, that the water changes are complete after 5 min (Heppel, 
1940). Prolonged stimulation was not employed because of the dehydration which is produced 
(Fenn & Cobb, 1936). About 85% of the additional inulin would have reached the muscle if 
inulin diffuses into stimulated muscles at the same rate as in resting controls. It is likely that 
diffusion is faster during stimulation in vivo than in resting muscle (see below). 

The blood content was in each case greater on the stimulated side as com- 
pared with the unstimulated muscle. Stimulation produced an increase in 
blood content from 3-3 g/100 g + 0-8 (5) to 8-6 + 1-6 (5). 


Caleulation of fibre water and internal ion concentrations 
Additional information is required about the ion and water content of rat 


blood, plasma and intercellular fluid before estimations of intracellular ion 


concentration can be made. In the calculations shown below, some values 
used by Creese (1954) have been employed. The same values have been used 
for the sodium and potassium content of blood and plasma in both normal and 
stimulated rats, as only small changes were produced on stimulation. 


The water phases of 1 kg normal gastrocnemius muscle are calculated as follows. The mean 
blood content was 33 g; blood water is 81 % of this or 26-7 g. The specific gravity of this blood is 
1-053, so the blood volume is 31:3 ml. The haematocrit value is 41% (v/v), so the plasma volume 
is 31-3 x 0-59 or 18-5 ml. If the specific gravity of plasma is 1-022 and the water content is 93% 
(w/w), the plasma water is 17-6 g. The inulin space is 96 ml. expressed as plasma, so the water 
content is 96 x 1-022 x 0-93 or 91-2 g. The intercellular water is thus 91-2-17-6 or 73-6 g. The fibre 
water is therefore 760 — 73-6 — 26-7 or 660 g/kg muscle. 1 kg muscle contains 660 g fibre water and 
provides 240 g dried material: hence 100 g dried muscle is associated with 275 g fibre water. 

The sodium and potassium contents of rat blood are taken as 79-4 and 41-5 m.equiv/kg 
respectively, Hence in 33 g blood there are 2-6 m.equiv Na* and 1-5 m.equiv K*. If intercellular 
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fluid contains 141 m.equiv Na+ and 4-7 m.equiv K+/kg, 73-6 g contains 10-4 m.equiv Nat and 
0-3 m.equiv K+. Fibre sodium is therefore 23 — 2-6 - 10-4=10 m.equiv while fibre potassium is 
104 ~ 1-5 — 0-3 or 102 m.equiv, both in 660 g fibre water. 


The results for resting muscle are summarized in Table 2, which also shows 
values for stimulated muscle obtained by similar calculations. In only a small 
number of cases was it practicable to make complete observations—inulin, 
water, sodium and potassium—on a single muscle; hence the estimates given 
in Table 2 have been calculated from mean values, as shown above. It can be 
seen that stimulation has produced an increase of 91 g water per 100 g dry 
tissue, of which 36 g represent an increase in fibre water expressed in the same 
terms. Of the total increase in water, 60° is accounted for by the observed 
rise in the inulin space and blood content. Similar conclusions have been 
reached by Fenn & Cobb (1936), and others. The increase in fibre water per 
100 g dry tissue indicates water uptake into the cells only if the fibre dry weight 
remains constant on tetanization. Calculation of ion content (see Table 2) 
shows that there is a fall of 32 m.equiv potassium per kg fibre water, accom- 
panied by a gain of only 19 m.equiv sodium. 


TaBxLe 2. Fibre values for gastrocnemius muscle 


Resting Stimulated 
Potassium (m.equiv/kg fibre water) 155 123 
Sodium (m.equiv/kg fibre water) 15 34 
Total water (g/100 g dry tissue) 317 — 408 
Fibre water (g/100 275 311 
Mean cell diameter 28-9 28-6 
Fibre dimensions 


The cell dimensions were measured in six rats, one gastrocnemius muscle 
being tetanized while the resting muscle from the other side acted as control. 
Right and left limbs were stimulated alternately in successive experiments. 
Muscles were subsequently removed and fixed, and a transverse section through 
the middle was prepared; the diameters of at least 100 cells from each muscle 
were measured as described above. 

Fig. 1 shows the distribution of the diameters of 647 cells from the resting 
gastrocnemius muscle and of 613 cells from stimulated muscle. The histograms 
show some degree of positive skew, suggesting a normal log. distribution. This 
was confirmed by plotting probit values against log. diameter, when a linear 
relation was obtained. Weighted regression lines were fitted by standard 
methods (Finney, 1952). For the resting controls, the (geometric) mean was 
28-94, with s.D. + 0-09 logis units; fibres from stimulated muscle gave a mean 
diameter of 28-6» + 0-09 log,, units. 

The procedures used to measure the cell dimensions were certainly capable 
of detecting moderate changes in fibre diameter. This was shown by leaving 
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some muscles in Krebs solution without oxygen for 15 min before fixing. Cells 


treated in this way showed gross swelling in section. 

Of six individual stimulated muscles, the mean diameters were in two cases 
larger than the controls, in three cases smaller, and in one case identical. 
Taking all values, it is concluded that no significant changes in cell diameter 


_ were detected after tetanization. 
03+ 
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Control Stimulated 


Fig. 1. Histograms showing distribution of fibre diameters from resting muscle (unshaded) and 
after tetanization (shaded). Over 600 cells were measured in each case. Stimulation has 
produced no cell enlargement. 


DISCUSSION 


| Several attempts have been made to estimate the distribution of water in 
_ stimulated muscle between cellular and extracellular compartments, using the 


‘chloride space’ (Fenn, 1936). Though this method is theoretically unsound 


_ (Conway & Fitzgerald, 1942), yet it sets an upper limit to the increase in 

_ extracellular space of stimulated muscle. Heppel (1940) indeed concluded 

_ from chloride estimations that little cell swelling occurs on stimulation. Some 

early work on muscle chloride is suspect owing to technical difficulties 
_ (Heilbrunn & Hamilton, 1942). 


The use of inulin to measure the extracellular water is based on the belief 


_ that this substance does not penetrate cell membranes. A variety of methods 


in the case of isolated frog sartorius muscle gave similar values to those obtained — 


by inulin (Boyle et al. 1941), and the use of radioactive sodium produced 


results which were close to those given by inulin for isolated rat diaphragm 


_ (Creese, 1954). The term ‘fibre water’, as obtained by the calculations used 
| 34 
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above, refers to the water not penetrated by inulin. There is a possibility that 
some of this may be water of connective tissue. 

Calculations based on the inulin method have shown a small (3 %,) increase 
in fibre water on stimulation, expressed as g water per 100 g dry tissue. There 
are considerable difficulties in estimating changes in fibre water of this 
magnitude in these small muscles. The apparent increase might indicate a real 
swelling of the fibres, it may be due to inadequate time allowed for equilibra- 
tion of inulin, or it could be produced by a small fall in tissue solids on 
tetanization. It might also be an artifact owing to the inclusion of water of 
connective tissue in ‘fibre water’. 

The histological measurements showed no increase in the mean fibre 
diameter in six pairs of muscles after stimulation for 30 min. It may be noted 


that this direct method of measuring changes in fibre size is somewhat — 


insensitive; if the cells are treated as cylinders of constant length, an increase 
of 13% in fibre volume would produce an increase of about 6% in the cell 
diameter, while if the fibres swell equally in all dimensions the increase in 
diameter would be over 4%. In either case the change should have been 
detected by the fibre counts made. Several studies have been made on volume 
changes produced by stimulation of isolated muscles, using the dilatometer 
technique, and the results have been reviewed by Fenn (1945). Stimulation is 
usually accompanied by a small initial decrease in volume. These results of 


_ course afford little guide in the case of prolonged stimulation in vivo. 


The increase in inulin space which accompanies stimulation is related to 
other extra-fibre changes which characterize muscular contraction, including 
an increased number of functionally active capillaries, a raised blood flow, and 
an increase in water and in blood content of the tissue. Now if activity of 
striated muscle is habitually followed by a high interspace volume, then we 


may expect that respiratory muscles, which are used continuously, would have 


a higher inulin space than resting limb muscles. In fact, the value for rat 
diaphragm muscle 7m vivo is high, being 24 ml./100 g (Creese, 1954); a similar 
value of 25% is given by Conway & Fearon (1944) for the interspace volume 
of the rectus abdominis muscle, calculated by assuming a Donnan rem 
for fibre chloride. 

According to Harris & Burn (1949), the exchange rate of a substance 
between capillary and fibre is in general slower than exchange across the cell 
membrane, owing to the variable delay imposed by diffusion between cell and 
capillary. Muscular activity is known to increase the number of functioning 
capillaries, so diminishing the mean diffusion path between capillaries and 


. fibre (Krogh, 1919). Hence activity should accelerate the overall exchange 


rate, quite independent of any effect on the permeability of the cell membrane. 
Noonan, Fenn & Haege (19415) have shown that stimulation accelerates the 
uptake of “K into limb muscles, and they attributed this increased rate 
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entirely to the raised blood flow. Similarly, Hahn & Hevesy (1941) noted an 
acceleration in exchange of “*K in the muscles of rats which were made to 
swim. Now diaphragm muscle has a high blood content (Creese, 1954), and 
Krogh (1919) has shown that the number of open capillaries in guinea-pig 


diaphragm is high compared to those of normal limb muscles. It is therefore 


not surprising to find that diaphragm muscles exchange more rapidly in vivo 
than resting leg muscles when “K is injected into the rat (Noonan, Fenn & 
Haege, 19414). Such experiments give little information about the exchange 
rate across the cell membrane unless the effect of diffusion can be evaluated. 

On stimulation, the loss of potassium from the fibres considerably exceeds 
the gain of sodium. If there is a true net increase of fibre cations, then the 
argument used by Conway & Hingerty (1946) implies an increase in the con- 
centration of organic anions with a reduction in their net charge. On the other 
hand, it.is perhaps premature to consider the potassium changes in stimulated 
muscle until a decision is reached about the state of potassium in normal 
muscle. For many years changes in ‘bound’ potassium have been invoked 
whenever analytical discrepancies arose. Recently some degree of plausibility 
has been attached to this view by the finding of Harris (1953) that the 
potassium of frog sartorius muscle, as studied with tracers, appears to exchange 
in two phases, which suggests the presence of two potassium fractions in the 
muscle fibre. 


SUMMARY | 
1. Intermittent tetanization of leg muscles of the rat for 30 min increased 


the extracellular space from 9-6 to 17-7 ml./100 g, expressed as inulin per 100 g 


muscle/inulin per ml. plasma. The blood content was more than doubled. 
2. Though the muscles became grossly swollen after tetanization, measure- 


- ment of fibre diameters disclosed no significant change. 


3. Internal cation concentrations indicated that the loss of fibre potassium 
exceeded the gain of sodium. 


The authors wish to thank Dr J. M. Ledingham for advice and help; Mr J. E. Linder and Miss 
G. B. Batchelor, who prepared the slides; and Miss F. Wheeler, who measured the cell dimensions. 
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THE RELATION OF PULSATILE PRESSURE TO FLOW 
| IN ARTERIES 


By D. A. McDONALD 


From the Department of Physiology, St Bartholomew’s Hospital 
Medical College, London, E.C. 1 


(Received 31 August 1954) 


This paper is concerned with the recording of the phasic changes in arterial 
flow during each cardiac cycle, and the investigation of the pressure oscilla- 
tions generating this flow. The relation of pressure to flow is ‘the central 
problem in haemodynamics’ (Burton, 1952), and has never been satisfactorily 
resolved for arterial flow, as its oscillatory nature makes the application of 
Poiseuille’s law invalid. The study has been confined here to the femoral artery 
of the dog. Direct measurements of flow have been made by following the 


' movement of injected bubbles of oxygen recorded by high-speed cinemato- 


graphy (McDonald, 1952a). Pressure gradients have been measured by 
simultaneous recording of arterial pressure at two points in the artery and also 
by electrical differentiation of the output of a capacitance manometer. Flow 
curves have been calculated from the gradients using equations derived by 
Womersley (1954), the theory of which is presented in his accompanying paper 
(Womersley, 1955). General agreement between observed and calculated 
flow curves has been found and so establishes the validity of the theoretical 
derivation based on general hydrodynamic principles and also justifies the 
method of recording flows. Preliminary accounts have been presented to the 
Physiological Society both of the flow curves (Helps & McDonald, 1953) and of 
the derivation of flow from the pressure gradients (Helps & McDonald, 1954). 


METHODS 


Anaesthetic. 1.¥. pentobarbitone sodium (Abbott) was used in all experiments; initial dose was 


30 mg/kg and thereafter as required. 

The rectal temperature was recorded by a mercury ecscanian) in some experiments. 

Mean linear flow velocity. The method using a Kodak high-speed camera operating between 
1400 and 1800 frames/sec has been described in detail (McDonald, 1952a). The bubble fills the tube 
and travels at the mean linear velocity across the tube. The only modification is that pure oxygen 


has been used instead of air to reduce the risk of cumulative gas embolism. Analysis of the film — 


has also been made easier by using a G.B. Bell-Howell projector with a reversing mechanism. 
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Pressure recording. Capacitance manometers (Southern Instruments Ltd.) were used, recording 
through a 10 cm (approx.) length of 1 mm bore polythene tubing inserted into branches of the 
femoral artery and adjusted so that the ends lay flush with the wall of the main vessel. The fre- 
quency response of these instruments has been measured by Dawes, Mott, Widdicombe & Wyatt 
(1953). Zero drift was checked at intervals but was never troublesome. The manometer output 
was led to a Cossor 1049 double-beam oscilloscope and recorded with time-base inhibited with 


film moving at 2-5 or 5 in./sec as a routine, but 10 in./sec was also used in many of the pressure- 


gradient studies to separate the traces adequately. In two animals the pressure was recorded on 
an Ediswan pen-writer, but only values for systolic and diastolic pressure have been taken from 
these records and no account taken of the form of the pulse wave. 

Pressure gradients. Direct measurements of pressure gradient were made by recording simul- 
taneously with two capacitance manometers on the two beams of the oscilloscope. This produced 
two similar pulse waves separated by the pulse-wave transmission time (Fig. 1 A). The record, on 
film, was then projected in a photographic enlarger and the two waves traced on to graph paper. 
The difference in pressure between the two recording points was then measured graphically and 
divided by the distance between the recording points to give the pressure difference per cm of 
artery (Fig. 1B). This subtraction could more conveniently be performed by feeding both mano- 
meter outputs to opposite sides of a two-sided amplifier, but this was not done owing to lack of 
suitable apparatus. The distance apart of the recording points depended on available branches, but 
was usually some 3-6-5 cm. The greater distance gives a better separation of traces but also 
distorts the form of the gradient slightly so that the shorter distance was preferred. The brightness 
of the beam was kept at a minimum consistent with a clear record so that the trace record should 
be as thin as possible, as with projection thick traces introduce considerable errors. As the pressure 
gradient is only a small fraction of the total pulse-pressure the calibration of the manometers 
needed to be as accurate as possible. As the A, and A, amplifiers on the Cossor oscilloscope have 
different gains, and are calibrated in steps, the exact matching of the 2-beam deflexions was often 
very tedious. Calibrating pressures were produced by a pressure bottle with a mercury mano- 
meter attached. The saline (0‘9% NaCl solution) flow in the manometer heads was set before 


calibration and not changed afterwards. Heparinization of the animal was also used, but even so 


slight degrees of clotting in the cannula was considered to be the main cause of the distortion of 
wave form that often developed during an experiment. A three-way tap was inserted between the 
manometer head and the cannula and used for checking zero drift, for recalibrating and for 
flushing out the cannula every 15-30 min. 

Differential coefficient of the pressure. The limiting form of the pressure gradient as the two 
recording points are brought together, is the space-differential coefficient of the pressure wave 
(Fig. 1C). Therefore in the last series of experiments when flows were also being recorded, the 
output from the single manometer in use was put through a differentiating circuit and displayed 
on one beam of the oscilloscope while the normal pulse wave was displayed on the other beam. 
The calibration of the differential curve presents some difficulty for the oscilloscope record is of the 
time differential dp/dt and to derive dp/dz (the space differential) we have to use the relation 


where ¢ is the pulse-wave velocity; hence to measure the wave velocity two manometers are 
needed. In practice the values for the differential given were estimated by direct calibration 
against gradients measured with two manometers as described above. 
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RESULTS 
I. Measurements of flow velocity 


Measurements of flow recorded by cinematography were made in one femoral 
artery of each of six dogs and observed without filming in three others. In two 
dogs the film records were not good enough for accurate analysis owing to 
thickness of the arterial wall, but qualitative observations of the phasic flow 
pattern could be made. Typical flow curves are shown in Figs. 2 and 3, and the 


main values for flow presented in Table 1 for the four animals in which it was 
measured. Only results for ‘normal’ animals are presented here, i.e. an- 


aesthetized animals without any other alteration of circulatory conditions. 


160 F- Pressure curves 
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Fig. 1. A: simultaneous pressure recording at two points in the femoral artery 3-5 cm apart. In 
this case the shape of the pulse wave is identical at both points. B: the pressure gradient 
derived by subtracting the pressures at each point, at 15° intervals, and dividing by the 
distance between the manometric cannulae. C: the time-differential of the first pulse- pressure 
curve in A. The small differences between B and C are discussed in the text. The abscissa in 
this figure and in all subsequent ones except Fig. 2 is calibrated in degrees of arc of the cardiac 
cycle, 
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Pulse frequencies varied from 2-6 to 3/sec. All the abscissae (except Fig. 2) are 
presented as fractions of a cycle, i.e. in degrees of arc to facilitate comparison 
with calculated curves, but degrees and msec may be taken as approximately 
equal. 

The characteristic flow curve is seen to fall into four phases: (i) a fast 
forward flow due to cardiac systole reaching a peak velocity of about 100 cm/sec 
at 45° and falling to zero at about 105°, (ii) a back-flow phase following im- 
mediately afterwards reaching a more rounded peak velocity of 30 cm/sec and 
falling off more gradually than the systolic phase, (iii) a forward flow following 


120 


Velocity (cm/sec) 


150 
Time (msec) 


—20 


Fig. 2. The mean linear velocity of flow in the femoral artery of the 
dog plotted against time during one cardiac cycle. 


the back flow, starting at 210° and ending at 330° with a maximum velocity 
of 20 cm/sec, (iv) a short and small back flow immediately preceding systole. 
Throughout the cardiac cycle there is, therefore, a double oscillation dis- 
cernible in the flow pattern although it is heavily and unsymmetrically 
damped. The damping in the diastolic portion of the cardiac cycle may cause 
the obliteration of the terminal small back flow and more rarely there may be 
no diastolic forward flow. The flow pattern is then more closely similar to that 
seen in the rabbit aorta (McDonald, 1952a). 

The back-flow phase was seen in all nine dogs. Even without a high-speed 
film the eye can see the moment of arrest and reversal of direction of a bubble. 
It can be seen with the first bubble of an injection so that the question of the 
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back-flow phase being due to gas embolism in the small distal vessels may be 
eliminated. Also, as demonstrated below, a back-flow phase is predicted from 
the observed pressure gradient in the artery. 

_ The timing of flow reversal is of interest. It was not possible to record a 
central pulse during these experiments so that the time of closure of the aortic 
valves was not measured, but the estimated length of systole from records such 
as those of Woodbury & Hamilton (1937) is 35% of the cardiac cycle, or about 
130° on the scale of Fig. 3. Reference to Table 1 shows that in all cases the 
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Fig. 3. A volume flow curve derived from high-speed film analysis and the pulse pressure on a 
comparable scale. Although superficially similar in appearance the fact that the peak flow 
occurs before the pressure peak shows that there is no direct relation between these curves. 


reversal of flow occurs before this point and forward flow is shorter in duration 
than systole. It is of interest to note that it was the observation of such early 
back flow that provided the stimulus for investigating the pressure stil 
that led to the experiments reported below. | 


Il. Measurements of pressure gradvent 
Attempts have been made in the past, e.g. Machella (1936), to correlate the 
form of the flow curve with that of the pulse pressure curve. Fig. 3, however, 
shows that the phase relationship of flow in the femoral artery is quite dif- 
ferent, as the peak of flow falls during the rising phase of the pulse curve and 
the pressure is greatest when flow is almost zero. This is not surprising as the 
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arterial pressure curve represents changes occurring throughout the system, 
whereas the flow must be related to differences in pressure along the artery. 
Pressure gradients have, therefore, been measured by simultaneous recording 
at two points along the artery and subtracting them as described above (see 
‘Methods’) and as illustrated in Fig. 1A, B. When the pressure wave is 
transmitted without change the pressure gradient is positive (referred to the 
direction of flow from the heart to the periphery) during the rising phase of 
the pulse wave. This is true for all pressure waves propagated in this way 
because of the delay in the wave reaching the downstream recording point. 
During the falling phase of the curve the gradient is negative for the same 
reason. A similar alternation of positive and negative gradient occurs as a 
result of the secondary diastolic pressure wave. Expressed in terms of 
pressure/unit length of artery the positive gradient rises from zero to a value 
of about 3 mm Hg/cm at 45° and falls to zero again at 90°. The negative phase 
reaches a maximum of about 2°5 mm Hg/cm at 120° and lasts until 180-210°. 
The succeeding diastolic gradients are more variable and have peak values of 
0-5 mm Hg/cm or less. These values cannot be regarded as critical because of 
their small dimensions compared to the total pressure changes and the 


_ impossibility of calibrating the individual manometers to within fractions 


of a mm Hg. 

A divergence from these figures that was commonly seen was the observa- 
tion of a negative gradient greater than the preceding-positive peak. This was 
associated with an increased pulse pressure recorded distally:in the artery; 
this phenomenon has been recorded by many workers in the arteries of the 
hind-limb, e.g. Hamilton (1947) in comparing the pulse wave in the femoral 
and dorsalis pedis arteries. The maximum negative pressure gradients in this 
case were between 3:5 and 4-5 mm Hg/em compared to a positive gradient of 
3-0-4-0 mm Hg/em. The alteration of wave form actually within the short 
length of artery observed was, however, small and may be due to manometric 
errors. An enhanced negative peak of this kind would theoretically be asso- 
ciated with a larger back flow than has been observed (see ‘ Results’, section IV). 
The possible causes of this discrepancy, which was only seen in some of the 
direct pressure-gradient recordings, are considered in the ‘ Discussion’. 

The pulse-wave velocity in the dog femoral artery was usually about 
7 m/sec, but it was not measured precisely owing to the errors inherent in 
recording from two points so close together. 


III. Differential coefficient of the arterial pressure 
The curve obtained by differentiating the output of the manometer against 
time is similar to that of the pressure gradient (Fig. 1C). In all cases the 
negative peak has been of smaller magnitude than the positive peak, corre- 
sponding to the observation that the rising phase of the pulse wave is steeper 
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than the falling phase. The time-differential pressure curve differed from the 
pressure-gradient curve, as measured with two manometers, in that the peak 
was always reached slightly earlier. This difference is half the transmission 
time of the pulse wave from one recording point to the next. Comparison of 
the zero point between the positive and negative waves in Fig. 1 will demon- 
strate this, for in the differential curve the zero is the crest of the pulse wave 
while in the gradient curve the zero is the point of crossing of the two pulse 
curves which is approximately the mid-point between the crests of the two 
waves. Apart from the slight difference in phase of the two curves there were 
commonly slight differences of amplitude, especially in the diastolic portion of 
the curve where the differential curve was often smaller in dimensions than 
gradient curves taken under similar conditions. Comparisons are only 
relative as direct simultaneous comparison has not been made uyiween the 
two curves. 


IV. Calculation of flow from the pressure gradient 
The theoretical derivation of the relation between an oscillating pressure and 


the resulting flow is described in detail by Womersley (1955). A graphical 
analysis of one such calculation is shown in Figs. 4 and 5. The ordinates of the 


_ pressure-gradient curve are measured at 15° intervals. In Fig. 4 the sine waves 


of the first four harmonics derived by a Fourier analysis of the pressure 
gradient are shown, both separately and in their summated form. Hach 
harmonic is of the form M cos (nt +¢), where M is the modulus and ¢ the phase 
shift or argument, and n the frequency of the harmonic. Hach pressure wave 
generates a corresponding flow curve also of sine wave form but differing in 
amplitude and lagging in phase (phase shift «) owing to the inertia and 
viscosity of the blood (Fig. 5). The flow curve is represented by the equation 


(w+ +6), (1) 


where Q is flow in ml./sec, M and ¢ are the modulus and argument of the ~ 

harmonic of the pressure gradient and m is again its frequency. « is a non- 

dimensional constant where | | 
(2) 


and M’ and « are derived from tables calculated by Womersley (1955) using 
Bessel functions; both are dependent on «. RF is the radius, f the pulse fre- 
quency, » the viscosity (0-04 P) and p the density (1 054) of the blood. 

The separate flow curves for each harmonic shown in Fig. 5 are shown 
successively and summated in Fig. 6. With the aid of the tables of M’/«? and « 
the calculations involved are simple but, without mechanical aid, lengthy and 
tedious. It will be noted that contribution of each harmonic of the pressure 
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wave becomes progressively damped so that while four harmonics show 
appreciable errors when summed in the pressure curve, the higher harmonics 
make no appreciable difference to the flow curve. In practice six harmonics 
have been calculated in all cases but the approximation derived from the first 
four is always very close to the final curve. 


Harmonics 1 and2 A 1+2 B 


D 


1+2+43 


Harmonic 4 


Harmonic analysis of pressure gradient 


Fig. 4. The first four Fourier components of the pressure gradient of one experiment in the form 
M cos (nt +¢). A: 1 and 2 are the sine waves representing the first, or fundamental harmonic 
(n=1) and the second harmonic (n =2). The modulus (M) of the second harmonic is 1-32 and 
that of the fundamental is 0-78. ¢is +0° 39’ forthe first harmonic and — 82° 45’ for the second. 
B: 1 +2 represents the sum of the first two harmonics represented in A and the third harmonic 
(3) is superimposed (M = —0-74 and ¢= + 26° 30’). C: 1+2+3 is the sum of the first three 
harmonics and the fourth is superimposed (M = — 0-41, ¢= - 16° 39’). D: 142+3+4 is the 
sum of four harmonics. The broken line shows the observed curve where it is not fully 
represented by four harmonics—the fifth and sixth harmonics are not shown but make the 
two curves virtually identical. 


The relation of flow to the generating pressure is shown more clearly in 
Fig. 7. Considering one cycle, the arbitrary point of zero pressure is seen to 


coincide with a small back flow. The phase lag between zero pressure and zero 


flow is 10°. The positive peak of the pressure gradient is at 35° and falls to zero 
at 78° while the flow accelerates to a peak at 65° and falls to zero at 112°, by 
which time the pressure is almost at its negative peak (116°). Thus we see that 
the application of positive pressure causes an acceleration of the blood but 
only after a time lag due to its inertia. Once it is flowing fast the inertia tends 
to keep it moving, but in fact a rapid deceleration is caused by the fact that 
the pressure gradient becomes negative. The continuing negative gradient then 
induces a retrograde flow of blood which is in turn decelerated and reversed 
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Harmonic 1 


Pressure—Thick line 
Flow—Thin line 


Harmonic 2 


Harmonie > Harmonic 4 
Ne 


Fig. 5. The flow terms for each harmonic of the pressure gradient are shown together. Note that 
there is a phase shift («) due to the inertia of the fluid. 1 is the fundamental, 2, 3 and 4 the 
next three harmonics. « is 31° 14’ in 1, 19° 57’ in 2, 15° 50’ in 3 and 13° 29’ in 4. The com- 
posite modulus (see Equation 1) is 2-4 in 1, 2-33 in 2, 1-12 in 3 and 0-34 in 4 and the curves 
are on an arbitrary scale. 


Harmonics 1 and 2 


Harmonic synthesis of flow curve 


Fig. 6, The flow components shown in Fig. 5 are here shown singly and then summed successively 
as the pressure components were in Fig. 4. In the final summation 1 +2 +3 +4 the zero line 
has been moved to represent the addition of the mean flow, as the sine waves only represent 
the oscillating part of the flow. Because of the damping of the flow in the higher harmonics 
the flow due to the fifth and sixth harmonics is too small to show on this graph. 
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to a forward flow by the positive pressure gradient in diastole. The phase 
difference is greatest at this point and it can be seen from Fig. 7 that the end 
of back flow is some 55° after the corresponding end of the pressure gradient. 
With the slower changes of pressure in the diastolic portion of the curve the 
flow comes progressively more in phase until the end of the cycle is reached. 
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Fig. 7. The pressure gradient in one experiment with the flow generated by it are shown here 
superimposed. Note the variations in phase lag between pressure and flow at various parts 
of the cycle—this is discussed fully in the text. 


The flow in any given direction is thus influenced, not only by the magnitude 
of the applied pressure but by the length of time that the pressure is applied 
and by the other pressure oscillations during the cycle. The pressure gradient 


necessary to produce a steady Poiseuille-type flow equal to the peak forward 
flow would be 1-1 mm Hg/cm. 
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The calculation of flow, based as it is on a summation of harmonic terms, 
only gives the oscillating values and over a whole cycle these will sum to a 
mean of zero. In fact there is, of course, a net forward flow in the artery and 


this is calculated separately and added to the final curve. This mean flow term 


is calculated from the mean positive pressure over the whole cardiac cycle 
using Poiseuille’s law. This flow is of the order of 1 ml./sec and requires a mean 
pressure gradient along the artery of some 0-13 mm Hg/cm. The approximation 


has been made that this is linear throughout the cycle and its addition is 


shown in Fig. 6 by lowering the zero-flow line. The necessity for providing a 
mean positive pressure gradient has provided a check on the accuracy of the 


- gradient curves, for in some cases the net gradients were negative and these 


curves were rejected as certainly showing manometric errors. 

A further approximation is made in the calculation in that the diameter 
of the artery is treated as constant, i.e..as though it were a rigid tube. This 
approximation is, in part, only apparent because the actual pressure gradient 
measured is derived from observations in the living animal. This means that 
only the short length of artery observed is treated as a rigid system. Further- 
more, the dimension of the expansion at the end of systole is almost certainly 


less than 5% (McDonald, 1953 and unpublished observations) and at the time 
of the maximal expansion flow is at a minimum, or is retrograde (Fig. 3). The — 


errors due to this approximation and to neglecting the velocity of the pro- 
pagation of the pulse wave will be published in a future paper, but are certainly 
small in comparison with the errors inherent in the manometric measurements 


' and in the estimation of the diameter of the artery. A summary of results of 


the calculated flow values is presented in Table 2 for comparison with the 
observed values in Table 1. Direct comparison by measuring the pressure 
gradient and the fiow at the same time have not yet proved possible. 


V. Calculation of flow from the time-differential of the pressure curve 


The derivation of the time-differential by passing the manometer output 
through a differentiating circuit has been described above (Methods). It is 


necessary to assume that the pulse velocity remains constant and that the 


time-differential bears a constant relation to the space-differential or pressure 
gradient. The calculation of the oscillating flow from the differential is carried 
out in precisely the same way as for the pressure gradient. The mean flow term, 
however, cannot be derived from the differential as it is only measured at one 
point. In the results presented the mean flow was derived from the actual 


observed value as the differential could be recorded simultaneously with | 


recording of the arterial flow. The results are included in Table 2, and 
a comparison between observed and calculated flow is shown graphically 
in Fig. 8. 3 
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Peak Time Time Peak Peak 
systolic end of end of diastolic diastolic 
Pulse forward forward Peak back forward back 


uency flow flow back flow flow flow flow Mean flow 
“par (mljaec) Ave) (mbjace) Are) (mle) (m/sec) (ml jee 


3-0 8-3 12 2-0 180 0-6 0-1 0-7 
26 100 83 2-0 166 0 10 0-4 
3-1 84 108 1-2 216 0-7 
2:8 6-5 98 2-3 170 10 0°75 
2-7 6-5 104 2:3 210 146 0:3 0-86 
TaBLE 2. Calculated flows 
Peak Time Time Peak Peak 
systolic _— end of end of diastolic diastolic 
Pulse forward forward Peak back forward 
frequency flow flow back flow flow flow flow Mean flow 
persec (ml./sec) (° Arc) (mi./sec) (° Arc) (ml./sec) (ml./sec)  (ml./sec) 
3-0 75 98 4-2 215 2-2 0-5 
28 185 105 5-4 240 16 shen 05 
2-8 TT 102 5-5 206 2-8 0-5 0-9 
2-7 70 112 18 218 0-4 0-5 1-0 


Fig. 8. The flow measured by high-speed cinematography is compared to a flow calculated from 


the time-differential of pressure in the same experiment. The two sets of values are within 
the limits of observational error. 


i TaBLE 1. Observed flows 
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DISCUSSION 


The experiments reported here have been limited deliberately to the dog 
femoral artery under standard conditions in order to simplify the investigation 


of the relation of pressure and flow. Haemodynamic investigations in the past : 


have tended to treat the arterial system as a whole and from this has arisen 
theories such as the ‘“windkessel’ of Frank or the system of standing waves of 
Hamilton. Although they have been fruitful in their application, these general 
theories involve such considerable assumptions in their approximation of the 
arterial tree to a simple system of elastic tubes that it is difficult to apply 
rigorous physical analysis to them. In the present work my aim has been to 
start, as it were, at the other end of the problem and analyse the behaviour of 
flow in one artery with the hope that the results that emerge may be extended 
later to include wider aspects of the circulation. This has only been possible 
on account of the mathematical analysis, and continual collaboration of 
Mr J. R. Womersley (Womersley, 1954, 1955). 


Observed flow on the femoral artery 
The femoral artery was chosen initially because more reports were available 


on the phasic flow pattern in this artery of the dog than on any other. Never- 


theless, these reports vary so much in detail that it is first necessary to con- 
sider the probable fluctuations of the arterial flow during the cardiac cycle. 
The high-speed cinematograph method I have used has the advantage that the 
artery is intact and the flow unimpeded by a meter and that the oxygen 


bubbles injected have a very small inertia. Its main disadvantage lies in the — 


difficulty of analysing the films of the movement of the bubbles. The pattern 
recorded is constant, however, and as detailed above in ‘Results’, it consists 
of a fast forward flow during systole followed immediately by a back-flow phase 
which in turn is followed by a forward flow in mid-diastole which flow is usually 


_ terminated by a brief back flow. For comparison with previous workers this 


will be considered with the flow records of Shipley, Gregg & Schroeder (1943) 
using an orifice meter and Richardson, Denison & Green (1952) and Richards & 
Williams (1953) both using electromagnetic flowmeters. All are agreed on the 
initial fast forward flow, although the dimensions vary. With a mean flow of 
1 ml./sec (60 ml./min) which is close to my observed means, Shipley e¢ al. (1943) 
record @ peak flow-of 250-380 ml./min while Richardson e¢ al. (1952) record 
125 ml./min. My peak value is 400-500 ml./min and this is also reported by 
Richards & Williams (1953), their range being 415-452 ml./min in normal 
animals but their mean flow is high (170-195). The end of this flow occurs at 


_ about 105° (the whole cycle being treated as 360°) in my observations; this is 


difficult to compare with the published records of the electromagnetic flow- 


meter although one of Richards & Williams’s (their fig. 86) would appear to be 
PHYSIO. CXXVII 
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as early, or earlier, than this. Shipley et al. suggest that it ends later. This 
timing is of interest because, as mentioned in ‘Results’ (I), and previously by 
Helps & McDonald (1953), this suggested that the duration of forward flow in 
the femoral artery is less than the duration of systolic ejection. The ensuing 
back-flow phase is most in dispute. Shipley e¢ al. find, as I-do, that it is a 
- constant phenomenon. The present experiments, however, indicate that it is 
commonly one-third of the velocity of the peak forward flow, whereas Shipley 
et al. report it as much smaller. All the workers using the electromagnetic 
flowmeter report that no back flow occurs unless there is marked vaso- 
constriction such as that due to adrenaline. The present experiments and the 
previous reports agree that forward flow occurs in diastole, although I am the 
only one to report a fall to zero or back flow at the end of diastole (Shipley 
et al. fig. 1, show one curve falling to zero). 

Thus it will be seen that the oscillating type of flow reported in this paper 
is similar in shape but not in dimensions to that of Shipley et al. (1943), but 
differs fundamentally from that described by Richardson et al. (1952) and 
Richards & Williams (1953) in that they deny the existence of back flow. The 
function of the physical analysis may be regarded at the outset as being a 
means of deciding the true phasic pattern in addition to rtiepehlte the haemo- 
dynamic conditions. 


The pressure that generates the flow — 

From a consideration of the types of flow recorded in the femoral artery and 
discussed above it is apparent that the shape of the flow curve is quite dis- 
similar to that of the pulse-pressure curve (Fig. 3). A consideration of first 
principles makes it apparent that no particular correlation is to be expected 
as flow will be related to the pressure gradient along the artery and not to the 
pressure level. To obtain this gradient it is necessary to record at two points 
and measure the pressure change between them. The measurement of such 
actual gradients has been made by Green & Gregg (1940) in the coronary 
system, by taking the difference of aortic and intra-ventricular pressures, but 
the technique does not appear to have been used by other workers. Fig. | 
shows that any wave of the type of the pulse wave when transmitted along a 
pipe will give rise to:an oscillating pressure gradient such as has been recorded 
above. The factors determining the magnitude of the positive and negative 
oscillations involve, in addition, distortion of the wave form and a fall in the 
mean pressure. This latter becomes an important: factor as the pulse wave 
passes into small arteries, and this will enhance the positive phases and reduce 
the negative phases. The amplitude of the wave may be reduced as it passes 
distally and this will have much the same effect as the fall in mean pressure. 
If, however, the height of the pulse wave increases as it passes distally the 
negative phase of the gradient will be markedly increased. This is the cause of 
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the phenomenon that was frequently observed in the measured pressure 
gradients, namely that the negative peak was greater in magnitude than the 
positive one. The closer together the recording points were the smaller was this 
distortion and in the differential coefficient this phenomenon was never seen. 
As the flow is being recorded over a finite length of artery the gradient taken 
over that length is more accurate than the time-differential taken at one point. 
In fact if the wave is distorted during transmission, then the time-differential 
coefficient is not a limiting form of the gradient. This must be set against the 
fact that the flow calculated from the differential is in some cases in better 
agreement with observed flows than those calculated from the pressure 
This is discussed below. | 


The calculated flow curves 
The mathematical relation between pressure and flow derived by Womersley 
(1955) contains no theoretical innovations but it is original in that it is put in 
a form that can be computed easily. An essentially similar theoretical ap- 
proach was used by Lambossy (1952) in a study of the principles of condenser 
manometers (Lambossy 19525). The approximations made (elasticity and 


transmission time) were detailed above in ‘ Results’ (IV) and the magnitude of 


the error they introduce is known to be relatively small (Womersley, to be 
published). Discrepancies between the calculated and observed curves may 
arise on the one hand from errors in the mathematical theory and from the 
approximations that have been made, and on the other from observational 
errors in the measurement of the pressure gradient, the size of the artery and 
the viscosity of the blood. When it is appreciated that an error in the gradient 
of 1-0 mm Hg/cm at the peak value or an error of 0:1 mm in the estimation of 
the radius of the artery will give rise to a change of flow of some 30% it is seen 
that technical limitations are extremely important. A comparison of Tables | 
and 2 and Figs. 7 and 8 shows that in all cases the phase relations of forward 
flow and the beginning and end of back flow are in good agreement. This phase 
relationship provides the practical test for the mathematical theory and bears 
out its validity. The dimensions of the flow show more discrepancy, but the 
values for the forward flow show that calculated and observed are within 
10-15% of each other. In view of the sensitivity of the calculated flow to 


minute errors in the measurement of the radius of the artery (the most in- 


accurate of all the physical dimensions) this relatively close agreement may be 
taken as fortunate. The error in measurement of observed flow is ee. at 
least 15 % at peak values. 

The size of the back flow shows much more discrepancy and this is of more 
significance because observational errors would tend to apply throughout the 
cycle, so that if the calculated forward flow is of similar size to the observed 
then the back flow should correspond in the same way. The observed variation 
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is from that shown in Fig. 8, where the calculated back flow (based on the time- 
differential of the pressure) is slightly less than the observed, to that shown in 
Fig. 7, where the calculated back flow is about 100% larger than any observed 
by the cinematograph technique. These large back flows are all derived from 
curves where the negative peak is as large or larger than the positive peak of 
the pressure gradient. This phenomenon, as noted above, is related to a re- 
corded increase in the pulse wave as it passes distally. This distortion of the 
wave may be a manometric artifact in the femoral artery, although it is known 
to occur in the limb vessels generally, e.g. Hamilton (1947). On the other hand, 
it may be a mathematical artifact because the Fourier coefficients, although 
representing the recorded curve, may not represent the true pressure gradient. 
Secondly, the calculated curve may be correct and the observed one wrong 
because the bubble that is being filmed may not record the full amount of the 
back flow. Thirdly, it is perhaps possible that the nature of the flow has 
changed from laminar to turbulent at this point, but the calculated flow is 
_ based on an assumption of laminar flow and hence gives a value that is too 
large. The stability of the fluid is being investigated, but it is known from dye- 
injection studies in the rabbit aorta (McDonald, 19526) that a disturbance of 
flow pattern occurs in late systole, and studies of the velocity profile in the dog 
femoral artery show that much higher rates of shear occur in this type of 
oscillating flow than occur in a Poiseuille-type flow of similar Reynolds’s 
number and may cause’a breakdown of laminar flow (Hale, McDonald & 
Womersley, to be published). Whatever the cause of this quantitative dis- 
crepancy, there is no doubt that the back flow is always present. With reference 
to the first section of the ‘ Discussion’ it would therefore seem to be established 
that recording methods used by other workers which do not record such a back 
flow are inaccurate. : 

Agreement between calculated and observed rates of flow in the diastolic 
phase is also relatively poor. The differences noted most often are in the size of 
the peak value (e.g. Fig. 8) or, in the calculated curves, a failure of the flow to 
return to zero at the end of diastole. This second type of flow was not seen in 
any film records taken but, as it was recorded by Shipley e¢ al. (1943), it may 
have occurred. The differences in flow value in diastole may be attributed to 
manometric errors, as here a small error will produce the largest percentage 
error in the calculation. 

To summarize, the calculation of flow from the pressure gradient agrees 
excellently with the phase relations of the flow patterns, while as regard its 


dimensions it predicts the systolic flow well but shows discrepancies in back — 


flow and diastolic forward flow. This suggests that the flow records of Shipley 
et al. (1943), using an orifice meter, show the general shape of the curve well 
but produce some damping, especially of the fast forward flow. In view of the 
high resistance of this meter this is not altogether surprising. It is of interest 


a 
a 
4 
an 
3 


ARTERIAL PRESSURE-FLOW RELATIONSHIP 549 


that a calculation of the flow from their pressure curve has been made by using 
graphical differentiation and the resultant flow curve has a larger forward flow 
peak than their meter recorded. The cause of the distorted recording of the 
electromagnetic flowmeter is harder to explain but is probably to be found in 
the nature of the oscillating flow. The phase change varies across the pipe 


(Hale, McDonald & Womersley, in preparation; Lambossy, 1952a) and this 


could very easily invalidate the calibration at steady flow states even though 
Kolin (1952) has shown that it is valid for laminar and turbulent flow. The 
possibility that the induced e.m.f. damps the flow according to Lenz’s law does 
not appear to have been studied. 


The a.c. theory of flow 

Although the pressure-flow relation derived by Womersley (1955) 1 may be 
regarded as being in an elementary form at present, some general inferences 
from it may be made. In a simple way we may regard the oscillating arterial 
pressure gradient generating a flow with a phase lag as similar to the relation 
between an alternating voltage and current. Hence we may refer to the ‘a.c._ 
theory of flow’ as governing arterial blood flow. On the same analogy the 
relation of pressure and flow that obeys Poiseuille’s law is the ‘d.c. theory of 
flow’, Thus under conditions of branching where there is a steady flow the flow 
in each branch may be derived simply, and it is usual to talk of their resistance, 
and the summation of the action of resistances is comparable to the application 
of Ohm’s law in a network of conductors. With an oscillating pressure in a 
branching system, however, there will be the phase relationship as well as the 
dimensions of the flow to consider and the effect of branching is analogous to 
the sum of mpedances. Unfortunately the theory governing fluid flow under 
these conditions is considerably more complex than that governing the flow of 
alternating current at normal low frequencies, where the size of the conductor 


may be disregarded, although Womersley points out that the theory is 


fundamentally the same as that determining the flow of very high-frequency 
currents. This has the important result that the necessary Bessel functions 
have already been computed and tabulated. The second complicating factor, 
of course, is the fact that the heart generates a complex wave form so that in 
place of the single sinusoidal wave created by the electrical engineer we have 
to consider a sum of many harmonic components. 

To appreciate the factor of the size of the vessel on the pressure-flow 
relationship one must study the behaviour of the non-dimensional constant « 
(Equation 2). « varies as the radius of the artery and as the square root of the 
pulse frequency, but this latter is the same throughout the arterial system of 
any one animal. Therefore, « will vary directly with the radius. Hence as a 
parent vessel branches the value of « becomes smaller. This has the effect 
(Womersley, 1955, fig. 2) of bringing the flow more in phase with the pressure 
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gradient and its dimensions approximate to that of a Poiseuille-type flow. 
Such measurements have been made for the saphenous artery where « is 
approximately 1-0, compared with 3-4 in the femoral artery (McDonald, to be 
published). | | 

- The application of the theory to larger arteries, especially the aorta, has not 
Yet been attempted as no reliable observations on the flow in such arteries in 


the dog are available to check the calculated results. The work of Hamilton & — 


Remington (1947) on the measurement of the cardiac output from a central 
aortic pressure pulse is of great interest in this respect. In a sequence of papers 
these workers and their colleagues have established an essentially empirical 
formula that relates various subdivisions of the pulse contour with the volume 
ejected. Under normal conditions, i.e. the conditions under which the formula 
was derived, prediction is fairly good but when conditions are altered the cor- 
relation becomes poor (Remington, 1952). This work has roused much interest 
and has been criticized, notably by Peterson (1952, 1954). This worker has 
devised an apparatus for delivering known volumes of fluid into the aorta at 
various times in the cardiac cycle and finds that: identical injections by the 
syringe do not produce identical, or even predictable pulse curves. The basic 
error both in Hamilton’s theory and in Peterson’s criticism lies in the treatment 
of a single cardiac cycle as an isolated event when the pulse is an essentially 
periodic function continuously in action over a long period of time. The 
oscillations of one cycle are modified by previous ones and will in turn in- 
fluence those that follow it because the system has not attained equilibrium at 
the end of a cycle as the flow curves (Figs. 2, 3, 7 and 8) show. Peterson’s 
elaborate experiments are in fact simulating extra-systoles and it is only to be 
expected that the resulting curves will be very different according to the 
relation of the injection to the exact time in the cardiac cycle that it occurs. 


Unfortunately the present hydrodynamic theory carinot yet be applied to the — 


complex conditions of the arch of the aorta. A considerable determination of 
physical constants such as Young’s modulus, Poisson’s ratio and density of 
the arterial wall needs to be made. Furthermore, the stability of the stream 
close to the input at the aortic orifice is not accurately known, but it is hoped 
that these problems can be solved in the future. For, although the pressure- 
flow relationship in the femoral artery may not be of equal practical importance 
to that of measuring cardiac output, the satisfactory solution of the simpler 
case will enable us to gain a much better understanding of the fundamental 
physical relationships of the arterial system. Only from such an understanding 
can the solution of such problems as the prediction of cardiac output from 
pressure recording be attempted with any confidence as to its validity. 
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SUMMARY 
1. The phasic changes in blood flow in the dog femoral artery have been 
measured by ‘high-speed cinematography. 

2. The pressure gradient in the artery has also been measured by simul- 
taneous recording with two manometers a short distance apart. The gradient 
oscillates, with an initial positive peak of about 3 mm Hg/cm followed by a 
negative peak of similar ee and thereafter by a smaller positive and 
negative wave. 

3. The flow in the artery due to this pressure gradient has been calculated 


- by an application of standard hydrodynamic theory. Agreement between 


observed and calculated flows was within the limits of observational error. 
This suggests that phasic flow recording which differs markedly from the 
results recorded by high-speed atte tS e.g. electromagnetic flow- 
meters, is definitely inaccurate. 

4. The flow in the femoral artery oscillates in 1 the same way as the pressure 
gradient but with a phase lag which varies throughout the cycle. A large 


_ forward flow (7-15 times the mean flow rate) occurs during systole followed by 


a smaller back-flow phase and a subsequent forward flow during diastole. 
_ 5. The differential coefficient of the pulse-pressure curve may also be used 
to calculate the flow, and hence a relation between this curve and the How 


generated has been established. 


6. The implications of the physical relation between pressure and flow in 
the femoral artery in regard to the dynamics of the arterial system are discussed. 


I wish to thank Dr E. P. W. Helps for his assistance in performing the experiments. I am very 
grateful to Prof. R. V. Christie, Southern Instruments Ltd., and General Radiological Ltd. for 
the loan of a second manometer on various occasions. Expenses of the cinematography and the 
cost of one manometer and the ciné-projector were defrayed ee 
Council. 
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METHOD FOR THE CALCULATION OF VELOCITY, RATE OF 


FLOW AND VISCOUS DRAG IN ARTERIES WHEN THE 
PRESSURE GRADIENT IS KNOWN 


By J. R. WOMERSLEY 


From the Department of Physiology, St Bartholomew’s Hospital 
Medical College, London, E.C. 1 


(Received 31 August 1954) 


The experiments of McDonald and his co-workers (McDonald, 1952, 1955; 
Helps & McDonald, 1953) have shown that in the larger arteries of the rabbit 


and the dog there is a reversal of the flow. Measurements of the pressure 


gradient (Helps & McDonald, 1953) showed a phase-lag between pressure 
gradient and flow somewhat analogous with the phase-lag between voltage 
and current in a conductor carrying alternating current, and the simple 
mathematical treatment given below has strong similarities with the theory 
of the distribution of alternating current in a conductor of finite size. 


Solution of the equation of motion 
We consider a circular pipe of length I, radius R, filled with a viscous liquid 


of density p and viscosity y. We shall need also the quantity v=y/p, the 


kinematic viscosity. To clarify what is to follow, the solution will be compared 
at each stage with the corresponding well-known Poiseuille solution for steady 
flow. 

In steady flow, if p, and p, are the pressures at the ends of the pipe, the 
pressure-gradient i is (p,— 

If w is the longitudinal velocity of the liquid at points at a distance r from 
the axis of the pipe, the equation of motion of the liquid is 


and its solution is w (R? —1°), 
which, if we write y=7r/R, may be written 
(2) 
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If now the pressure-gradient (p,—p,)/1 is not constant, equation (1) has a term 


= on the right-hand side. We consider a pressure gradient 


(3) 


which is periodic in the time with a frequency — 
f=n/2n, 
since the pulse is a péviodic phenomenon, and any funotion which is periodic 


in the time can be expressed as the sum of a series * terms of this form. The 
of motion becomes 


= ——eint, (4) 
and if we now write } | 
i w=ue™ (5) 
where u is a function of r alone, the equation for w is 
ldu in A 


If we write this equation in the form 

| du itn -4 

(remembering that — 1 =7?), its solution may be written 


where J9(xi#) is a Bessel function of order zero and complex argument which 
is well known and arises in problems connected with the distribution of 
current in conductors of finite size. The qoanity R.,/(n/v) is a non-dimen- 
sional parameter. We shall write 


R 
Vv 
If we also write r/R=y, then the pe is given by 


int 


This is still in complex form. If now we were to take as pressure gradient the 
real part of Ae, the corresponding flow would be the real part of (9). 
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_ A formula, essentially the same as the real part of (9) when A is real, was 

derived by Lambosay (1952) who also gave a form for the viscous drag, by 

separating J9(ai#) into its real and imaginary parts. The conventional separa- 

tion into real and imaginary parts leads to a very clumsy form for the results, 

and it is more convenient to express the results in terms of modulus and phase. 
Tables of Jo(at*) are available in the form | 


= 


where M, and @, both vary with #, and by using these we are led at once to the 
amplitude and phase of the motion. 


We write 
J o(ayit) = My(y) 


Jo(cit) = M, 0, 


_ Then if the real part of A e* is M cos (nt +4) the corresponding velocity is 


(sin (nt-+¢) sin (nt+¢— (11) 


Tables of My) and &(y) are given by McLachlan (1941), and i in a slightly 
different form by Jahnke & Emde (1938). 

Equation (11) may be put in terms of a single phase-relationship, more 
suitable for calculation. If we write | 


= ‘ 13 
(3) 
and define and «, by the following 
My=V(1 MMe cos 89), (14) 
then — M, sin (nt (16) 


To compare this with the steady-flow result, we use the relation «= R,/(n/v), 
and in (16) write 


Then suo te and the expression for w becomes 
np 


sin (nt +€9). (17) 


The quantity Mj/a? takes the place of }(1—y?) in the formula for steady flow 
(equation (2)). It must also be noted that <, varies with y, and therefore the 
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phase varies across the pipe. The degree of departure from the normal 

parabolic form increases with «, i.e. with the frequency. The effect has a 

certain similarity with the ‘skin effect’ in electrical conductors, but the 

analogy cannot be pressed too closely because of the difference in surface 

conditions. 

The rate of flow, ic. the quantity of guid passing through any cross- 
section per unit time, is ies by 


Writing y=1/R this becomes 
Q = 2nR? wy dy. (19) 
0 
For steady flow w= ~y"); 


which is Poiseuille’s formula. If in (19) we substitute for w its value from 
(9) we have 


Now ad dx =aJ,(x) from known properties of Bessel end 


Writing this again in terms of modulus and phase, if 
J,(ai#) = Me™, 
we may write (22) in the form 
where 819 = 135° — 0, + 6. (24) 


Tables of M, and 6, are given by McLachlan (1941), but a more convenient 
table is available in Jahnke & Emde (1938). Jahnke & Emde give a table of 
aM,/2M, and also of what they call 


By — = — 47-8 
It should be pointed out that this table (of 8,—8,) is tabulated in decimals of 


a right-angle. To convert these values to degrees the tabular values should be 
— by 90. 
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In the same way as for the velocity, the formula for the rate of flow may be 
reduced to a single-phase relationship. Since «M,/2M, is tabulated we write 
aM,/2M,=k. Then, in the same manner as before, ie 


sin 
and tan €1)= 
The viscous drag on a cylinder of radius + is | ‘ 
and since = —J,(z) 


this can be expressed in terms of M,, M,, 0, and 6. bicudgive: exactly the 
same method as before, it reduces to 


where | 8,(y) = 135° — 0,(y) + 9%. 
At r=R, where F is a maximum, the drag at the surface of the pipe is 


Numerical calculation of rate of flow from observed pressure gradient 
McDonald (1955) obtained the pressure gradients corresponding to his 
average velocity measurements by direct difference between the readings of 
two manometers. One of his curves for the pressure gradient in the femoral 
artery of the dog is shown in Fig. 1. 
The first step in the calculation of the corresponding rate of flow is to 
represent this pressure gradient as a Fourier series. If 7' is the pulse-time 


(in this case $ sec) we write 2=2n 7 so that 2, measured in degrees, runs from 


zero to 360° during one pulse period. The coefficients of the Fourier series 
were computed by direct summation, twenty-four ordinates being taken, 
15° apart. The coefficients up to the sixth harmonic are shown in 
Table 1. 

These were next sciaeetedd to modulus and phase form, the results being 
given in the two right-hand columns. 
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The flow will be the sum of six terms of the form 


where m has the values 1, 2, ..., 6. 


— sin (ma + (27) 


TaBLE 1, Fourier components of pressure-gradient curve shown in Fig. 1 


m cosine term sine term MM, om 

l +0°8781 —0-7432 +1-1050 +40° 14’ 
2 +0-5415 + 1-4327 + 1-5316 — 69° 17’ 
3 — 0-7946 +0-5508 — 0-9668 +34° 44’ 
4 —0-2375 —0-1588 — 02857 — 33° 47’ 
5 +0-0125 — 00-2818 +0-2821 +87° 31’ 
6 ~—0-1917 ~—0-0167 —0-1924 — 4° 58’ 


The second step is the calculation of the value of « for each harmonic, and 
the corresponding values of Mj, and ¢. The following figures have been used: 
diameter of artery, 2R=0-3 cm; viscosity, 1 =0-04P; density, p=1-05 g/ml.; 
pulse frequency, f=3 per sec. Hence n=6m sec for the fundamental, and 


337. 


The values of « for the higher harmonics are obtained from this by simple 
multiplication. The corresponding values of Mj}, and ¢,) can be read from 
Table 3, which can be interpolated by proportional parts. It covers the values 


of « from «=0 to «=10. For values of «>10 the author has derived the 


following asymptotic 
Mig 1 _y2,1 
19 


Table 2 gives the values of « required for the pressure-gradient curve shown 
in Fig. 1 together with the corresponding values of Mj, and e. 
As pressures are normally measured in mm Hg, the conversion factor to 


dyne/cm!? is included in the constant a7R*/4, which then becomes 53-05 for this 
example. The expression for Q is 


3-56 sin 13’) 
+2-71 sin (22—49° 10’) 
— 1-20 sin +50° 33’) 
—0+28 sin (42—20° 17’) 
+ 0-22 sin (5a +-99° 28’) 
—0-13 sin (62+5° 47’). 
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This has been plotted on Fig. 1 to show its phase-relationship to the pressure. 
The agreement with the rate of flow deduced from direct observations of the 
average velocity is not perfect, but, as will be seen from the results of similar 
sadgamaac shown in McDonald’s paper (1955), it is surprisingly good when 


- TaBue 2. Values of «, Myo and ¢ for the Fourier components of the pressure-gradient 
curve shown in Fig. 1 


m a a? €10 
1 3°34 11-13 0-6551 30° 59’ 
2 4:72 22-27 0-7436 19° 57’ 
3 5:78 33-40 0-7839 15° 49’ 
4 6-67 44-53 0-8096 Pw 
5 7-46 55-67 0-8278 LL 57’ 
6 8:17 66-80 0-8416 10° 45’ 
478 
346 
P 
E 2T4 
? 
E 
—4+-8 


Fig. 1. Relation of flow (Q) to the pressure gradient (P) in the femoral artery of a dog. The 
equations for the curves are given in the text. The flow curve does not include the steady 
flow term, 


it is recalled that the pressure determination was not made at the same time 
as the velocity determinations. Moreover, the plotting of the pressure- 
gradient curve by taking small differences between eanacile pressure deter- 
minations is subject to error. 

The above method of setting out the calculation is the most suitable for 
demonstrating the way in which the components of the pressure gradient 
have to be modified, in amplitude and phase, to obtain the corresponding rate 
of fow. If the calculation is to be made as a routine, it is quicker to work in 
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TABLE 3. Mj/a* and ¢,. tabulated for values of a from 0 to 10. 


a Migla* ex a 
90-00 2-50 00855 44-93 5-00 0-0802 1865 7-50 
89-98 255  -0837 43-88 6-05 1843 7:55 
89-90 260 -0819 42-86 5-10 -0292 18-23 7-60 
89-79 2-65 -0802 41-86 5-15 -0287 18-02 7-65 
89-62 2:70 -0784 40-90 5-20 -0282 17:33 #£7-70 

2:75 0-0767 39-96 5-25 00278 1763 
89-14 280 0750 39-05 530 -0273 17-44 #7-80 
88-83 285 -0734 38-17 535 -0269 17:26 7-85 
88-47 290 O717 37-32 5:40 -0264 17:08 7:90 
88-07 2:95 ‘0701 36-50 5-45 -0260 16-90 7-95 
87-61 3-00 0-0685 35-70 5-50 0-0256 16:73 8-00 
87-11 3-05 -0670 34-93 555 -0252 1656 8-05 
86°57 3:10 -0655 34-18 560 -0248 1639 #8-10 
85-97 3:15 -0640 33-46 -0244 16-23 815 
85-33 3:20 -0626 32-77 5:70 16-07 8-20 
84-65 3-25 0-0612 32-09 5°75 15:91 8-25 
83-91 330 -0598 31-45 5-80 -0233 15:76 8-30 
83-14 3-35 -0585 30-82 5-85 -0230 15-61 8-35 
82-32 3-40 -0572 30-22 5-90 -0226 1546 #£8-40 
81-45 3-45 -0559 29-64 595 -0223 15:32 #£8-45 
80-55 3-50 0-0547 29-08 6-00 0-0220 15:18 8-50 
79-60 3-55 -0535 28-53 605 15°04 # 8-55 
78-61 360 -0523 28-01 610 -0213 1490 # 8-60 
77°59 3°65. -0612 27-51 6-15 -0210 14-77 8-65 
76-53 3-70 27-02 6-20 -0207 14-63 8-70 
75-44 3°75 0-0490 26-55 625 00204 1450 # 
74-31 3:30 -0480 26-10 630 -0201 1438 #8-80 
73-16 3°85 25-66 635 -0199 1425 8-85 
71-98 3:90 -0460 25-24 640 -0196 14:13 8-90 
70-77 3-95 -0451 24-83 645 -0193 14-01 8-95 
69-54 4-00 0-0441 24-43 6-50 0-0191 13:89 9-00 
68-30 405 -0432 24-05 655 0188 13-77 9-05 
67-03 410 -0424 23-68 660 -0185 13:66 9-10 
65:76 415 -0415 23-32 665 -0183 13-54 9-15 
64°47 420 -0407 22-98 670 -O181 13-48 9-20 
63-18 4-25 0-03899 22-64 6-75 00178 13:32 925 
61-89 4:30 -0391 22-32 680 -0176 13-21 9-30 
60-59 435 -0384 22-00 685 -0173 13-11 9-35 
59-30 440 -0376 21-70 690 0171 13:00 9-40 
58-02 445 -0369 21-40 695 -0169 12:90 9-45 
56-74 450 0-0362 21-11 700 0-0167 12:30 9-50 
55°47 455 -0855 20-84 705 0165 12-70 9-55 
54-22 460 -0349 20-56 7-10 -0163 12:60 9-60 
52-98 465  -0342 20-30 715 -O161 12:50 9-65 
51-77 4:70 -0336 20-05 7-20 1241 £970 
50-57 4:75 0-0330 19-80 7-25 00157 12:31 9-75 
49-39 480 -0324 10-55 730 -0155 12-22 980 
48-24 485 -0319 19-32 7-35 0153 12:18 9-85 
47-11 490 -0313 19-09 740 -0151 1204 9-90 
46-01 495 -03808 18-86 745 0149 11-95 9-95 
44-93 5-00 0-0302 18-65 750 00147 11:87 10-00 


| 
| 

3 ‘0146 11-78 

1250 0144 11-70 
-1250 0142 11-61 
-1250 0140 11-53 

q 0:1250 0-0139 11-45 
4 -1250 0137 11-37 

4 -1250 ‘0136 11-29 

-1250 0134 11-21 

4 -1249 0133 11-14 

0-1249 0-0131 11-06 
-1248 0130 10-98 

0128 10-91 

+1247 10-84 

4 1246 0125 10°77 

7 0-1244 0-0124 10-70 

-1243 0122 10-63 

‘0121 10-56 

4 -1238 ‘0120 10-49 

4 “1235 10-42 

4 0-1232 0-0117 10-36 

-1228 0116 10-29 

-1224 0115 10-22 

3 1219 ‘0114 10-16 

q +1213 0112 10-10 

q 0-1207 0-011] 10-04 

4 -1200 ‘0110 9-97 

4 ‘1193 0109 9-91 

4 +1185 ‘0108 9-85 

“1176 0107 979 

4 0-1166 00106 9-73 

a 1156 0104 9-68 

1144 0108 9-62 

1 -1133 0102 9-56 
A -1120 0101 9-51 

4 0-1107 0-0100 9°45 

"1093 0099 9-40 

-1078 0098 9-34 

“1063. 0097 9-29 

"1047 0096 9-24 

4 goo 0-0096 9-18 F 
0095 9-13 

-0998 0004 9-08 
4 “0980 0093 9-03 ai 
-0963 0092 8-98 
0-0945 00091 8-93 

q 0927 ‘0090 8:88 t] 
0089 8-84 

q -0891 

0088 8-79 

4 7 0873 0088 8-74 (2 
0-0855 0-0087 8-69 
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terms of the usual Fourier coefficients. Thus, if we write for the mth component 
of the pressure 


A,, cos mx + B,, sin ma. 
Then An, = My, 008 bn; —B,,=M,, SIN 
and if we expand (27) it becomes , 
— (Ap, SiN €49 — B,, COS COS max 
R* M: 
=a (Am 008 By C08 yp) sin ma, (30) 
and this is the form recommended for use. 
10 
A 
02 
20° 
8 Phase lag 
40° = 
60° 
80° }- 
90° 


Fig. 2. The effect of changes in the non-dimensional constant « on: (A) the ratio of the maximum 
flow due to a given oscillating pressure to the corresponding steady, or Poiseuille, flow; and 
(B) the phase lag between the oscillating pressure and the flow generated. 
_ Itis appropriate at this point to consider how M}, and é. vary as « changes. 
Fig. 2 gives a graphical indication of this. The lower curve (B) is a graph of the 
phase lag (i.e. of 90° —e,9) against «. The phase lag tends to zero with frequency, 
as would be expected, but moves very slowly towards its asymptotic value of 
90° at high values of «. 
_ The upper curve shows the ratio of the maximum of the oscillatory flow to 
_ the Poiseuille flow for the same pressure gradient. This is obtained by dividing 


(27) by ae and taking the maximum value, i.e. putting 


sin (mz +b», = 1. 
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This gives Vmax 8M io 
Qeteady % 


and it is this ratio which is plotted. As « ~ 0, Mj) > $a" so that Mj,/a®—}4 
and the flow at small values of « is the same as given by Poiseuille’s formula. 
Above «=1 it falls off sharply, until at «=10 it is only about one-fifteenth of 
the corresponding Poiseuille flow. It will be seen also from this curve that 
the values of « which are used in the calculation of flow in the femoral artery 
fall in the range in which the variation with « is greatest. 

This wide variation in the maximum rate of flow for different values of 
o raises the question: how much is « likely to vary in different animals? Taking 
the diameter of the human femoral artery as 0-5 cm, the pulse rate as 72 per 
min, and the same viscosity as for the dog, 

2nxX72x1-05 
025, | 600-04 = 3-52. 

The corresponding values of « for the rabbit and the cat have also been 
calculated, and are of about the same magnitude. This indicates kinematical 
similarity in arterial flow in all these animals, and shows that the fluctuating 


flow in the great arteries in these experimental animals and in man has the 
same form, and differs only in scale. 


The nature of the approwimations and the possibility of 
measurement in living subjects 

The simple theory outlined above contains two very drastic aesumptions— 
the artery is regarded as a rigid tube, arterial expansion being neglected, and 
the pressure gradient is assumed to be a function of the time on, whereas it 
is generated by a pulse wave of finite velocity. 

To a first approximation consider the pulse wave to be a wave travelling 
without distortion with velocity c. Then the pressure will have the form.’ 


where z is distance along the artery. The first point to be observed i is that in 
these circumstances op lap 


and therefore a good approximation to the pressure sonidiaiis over a short 
length of artery would be obtained by measuring the time derivative of the 
pressure at that point. An electrical manometer fitted with a time-differentiating 
input thus provides a direct record of the pressure gradient; and, if required, the 
flow at any point in the larger arteries of a human subject could be predicted, 

provided that the pulse could be observed at that point and the pulse-wave 
velocity were known. This procedure has been adopted by McDonald aga 
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If a complete analysis is attempted, taking into account the finite velocity 


_ of the pressure wave, the single equation (4) is no longer adequate, since there 
_ will be a radial component of velocity as well as a longitudinal one. It is true, 
_ however, that so long as the maximum velocity of the liquid is a small 
- fraction of the wave velocity, the approximation is reasonably good. 


A more detailed study of the more general equations is in preparation. It 


: has been found that it is possible to consider this question, and that of arterial 
_ expansion, together, as parts of one general problem. 


Note on the computation of Fourier 
If f(z) isa periodic function defined at 24 equally spaced points (i.e. 15° apart if the full patie’ 


f(z) =A,+ A,,, 008 mx + "B,, sin mz, 


r=0 


A,,=¢ 18°, 
r=0 

B= > f, sin mr x 15°; 
r=0 


and the modulus phase are M,, =\\(A2, + 


$m = tan B,,/A,,. 


SUMMARY 
1, An exact avis of the equations of viscous fluid motion is given for. 


_ the motion of a liquid in a circular tube under a pressure gradient which is 


a periodic function of the time. It is shown that there is a phase-lag between 
the motion of the liquid and the pressure gradient which causes it. Formulae 
are also given for the rate of flow and the viscous drag. 

2. The calculation of the rate of flow from an observed pressure gradient is 
described, and tables are given to facilitate the calculation. 

I am grateful to Prof. K. J. Franklin for permission to collaborate with members of this 
department: also to the Medical Research Council for a personal grant to allow the continuation 
of this work, 

The tables of Mj, cok. €9 were prepared by the Mathematics Division, National Physical 


_ Laboratory, whose help is most gratefully acknowledged, as is also the consent of the Director, 
National Physical Laboratory, to their publication. 
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SENSITIZATION OF GUINEA-PIGS BY INHALATION 
By H. HERXHEIMER anv T. WEST 


Prom the Surgical Unit, University College Hospital Medical School, London 


(Received 2 September 1954) 


Sensitization of animals is usually carried out by injection. The close relation- 
ship between the anaphylactic state in the animal and the allergic state in man 
makes it desirable to study other ways of sensitization which more closely 
resemble the conditions in which allergic disease is observed in man. Respira- 
tory allergy in man is usually caused by the inhalation of allergen. Little is 
known about the amounts of inhaled allergen necessary for sensitization and 
about the periods of exposure required. This paper deals with the conditions 
in which the inhalation of an allergenic aerosol will sensitize guinea-pigs. 

Busson (1911) and Busson & Ogata (1924) were the first who made such an 
attempt. They exposed ten guinea-pigs to a spray of horse dander extract for 
45 min daily on 6 consecutive days. When they exposed these animals 20 days 
later to the same spray, two of them died with the symptoms of anaphylactic 
shock. When the others were exposed again a few days later, three more died. 
Ratner, Jackson & Gruehl (1927) and Ratner (1939) exposed guinea-pigs to the 
inhalation of finely powdered horse dander for 5 min to 5 hr daily for varying 
periods. In many cases they observed asthmatic dyspnoea during the course 
of these exposures, and if the antigen was injected intravenously into these 
animals, they often died with the symptoms of anaphylactic shock. Fatal 
shock could not be elicited by inhalation, and mild anaphylactic symptoms 
occurred erratically, sometimes after short, sometimes after long periods of 
exposure. While the severity of these symptoms often increased with the length 
of exposure, this was not a regular occurrence, and in many instances the 
symptoms disappeared in spite of continued exposure. 

Several other authors (Alexander, Becke & Holmes, 1926; Kallos & Pagel, 
1937; Herxheimer, 1952) have used the inhalation method in order to produce 
anaphylactic shock in animals previously sensitized by injection. The ex- 
perience of all of them has shown that inhalation of the allergen regularly pro- 
duced shock if sensitization had been carried out by injection. If, in contrast, 
sensitization had been carried out by inhalation, the shock was weak and 
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non-fatal, as in Ratner’s, or irregular, as in Busson’s experiments. This failure 
is therefore likely to be due to inadequate sensitization and not to insufficient 
application of the shocking agent. On the other hand, the amount of inhaled 
allergen used by Ratner for sensitization was so large that its failure is not 
likely to be due to this factor. We have thought it possible that not only the 
total amount of inhaled allergen might be a factor in sensitization but also the 
length of the inhalation periods and the intervals between them. We have 
therefore varied the total duration of exposure and also the length of the single 
periods and their intervals. 


METHOD 


Throughout the experiments we have used a particularly strong extract of horse hair and dander 
which contained about 40% of the dry antigen and had about 200 times the seabed vad the 
extract usually employed for scratch testing. The extract was aerosolized in a commercia 

by compressed air, and driven through a glass chamber in which the guinea-pigs were kept for 
specified periods. 

Sensitization and shock were carried out with the same aerosol and the same method, the shock 
usually 2] days after the last sensitizing exposure, sometimes a few days earlier. In a sensitized 
animal the shock began with dyspnoea and sometimes sneezing. The dyspnoea quickly became 
more severe, with pronounced abdominal contractions. At this point, which has been termed 
convulsion point in earlier work (Herxheimer, 1952), the animals were taken out of their chamber 
and were allowed to recover. The time required to reach this point, the preconvulsion time, was 
measured in seconds. Some animals were lost because they were left in the chamber a few 
seconds too long. They convulsed within seconds of being taken out and died a few minutes later ; 
the necropsy showed the typical appearances of shock. All surviving animals received further 
shock exposures 1 and 2 weeks later. In some animals sensitization was not complete at the time of 
the first shock exposure: the preconvulsion time was long (200 sec or longer), but on re-exposure 
1 or 2 weeks later it was much shorter. 

The experiments were divided into three series, each time groups of five to eight guinea-pigs 
being exposed to the aerosol. In the first series the groups were exposed for a total period of 18 hr 
in such a way that there was either a daily exposure of 9 hr for 2, of 6 hr for 3, or of 2 hr for 
9 days; or nine 2 hr exposures were spread over a longer period, the animals being exposed only 
every second, or every third to fourth, or fifth to sixth day. In the second series of experiments 
the total time of exposure was shorter and varied between 10 br and 3 min. The single periods of 
exposure, given daily or every second day, varied between 2 hr and 45 sec. In the third series of 
experiments the total exposure to horse hair and dander extract was again made in instalments of 
2 hr either daily or on alternate days, but these animals were, in addition, exposed to cotton smoke, 
SO,, or cold, or the animals used had been sensitized 6-12 months previously and had lost most of 
their sensitivity. Exposure to cotton smoke was made by setting alight rags of cotton, extin- 
guishing the flame, and placing the smoking remains in the animal chamber at the same time as 
the exposure to the allergen aerosol. The smoke caused the animals to cough and sneeze and they 
became breathless. In the experiments with SO,, a little of this gas was driven into a small rubber 
balloon and this was emptied into the animal chamber. It was left there for a few seconds; then the 
animals began to sneeze and cough, and the chamber was aired before the exposure to horse hair 
and dander extract was begun. In some preliminary experiments it had been found that if the 
animals were left in contact with the SO, gas for longer than a few seconds, they did not recover 
and died. At necropsy they showed severe inflammatory changes in trachea and bronchi. Two 
groups of guinea-pigs in which the influence of cold was examined were kept on the roof of the 
animal house during their sensitization, which took place in January. One group had no shelter at 
all; the other was kept in a passage, open at one end, between two walls and under a roof and was 
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thus sheltered from wind and rain. The experiments with animals which had been sensitized in 
previous experiments and had lost most of their sensitivity were carried out in order to investigate 


-whether they could be resensitized in the same way as animals which had not been sensitized 


RESULTS 


The preconvulsion time is an index of the degree of sensitization: the shorter it 
is, the greater the sensitivity of the animal. Unfortunately, the effect of any 
sensitizing procedure is very variable whatever the route of the antigen ad- 
ministration, and the scatter of the results is therefore considerable. In any 
group a single animal may not be sensitized at all and this occurrence should 
not be permitted to influence the evaluation of the results shown by the other 
animals. When classifying the different degrees of sensitization, these irregu- 
larities were therefore left out of consideration. We distinguished between four 


TaBLE 1. Preconvulsion time (in sec) of sixty-one guinea- pigs sensitized by a total 


exposure time of 18 hr 
| Details of exposure | 

9 hr on 2 6 hr on 3 2 hr on 2 hr ev 2 hr ev 
consecutive consecutive 2 hr alternate 3rd to 4 5th to 
days days daily : days day | day 
700 No 40 196 55 105 
No No 105 330 50 105 
700 No 45 135 80 590 
No No 65 105 250 205 
No No 85 205 “No 290 
No — 80 60 68 - 285 
90 65 270 No 
— — 60 90 230 450 
— 135 60 185 
215 265 No 


No=no sign of sensitization; bold figures=strongly sensitized; italic figures moderate 
sensitization; ordinary figures = weak sensitization. 
degrees of sensitization: strong sensitization with a preconvulsion time below 
150 sec, moderate sensitization with a preconvulsion time between 150 and 
300 sec, weak sensitization with a preconvulsion time between 300 and 600 sec, 
and no sensitization with no, or very little, dyspnoea and with no other signs of 
shock. 

Influence of interval between exposure periods at constant total exposure. 
Strong sensitization was produced with a number of short periods of exposure, 
as long as the intervals between the exposures were not too long. The results 
are given in Table 1. If the total exposure was 18 hr, it did not seem to make 
any difference whether it was carried out on 2 or 3 consecutive days, i.e. in 9 or 
6 hr periods, Nine of the eleven animals were not sensitized at all; and the 
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remaining two showed only slight dyspnoea. If the single exposure period was 
2 hr, there was no great difference between the groups with daily exposure 
and with exposure on alternate days. In both categories the great majority 
of animals was strongly sensitized, slightly more in the animals exposed daily.. 
There was, however, less sensitization in the groups exposed every third to 


fourth day, with only half of the animals strongly sensitized; and in the last 


groups with exposure every fifth to sixth day, only two out of ten animals 


were strongly sensitized. 


TABLE 2. Preconvulsion time (in sec) of wet guinea-pigs} sensitized by a total 
7 exposure time between 10 hr and 45 ~ a 2a 


Total time of exposure 
Shr Shr Shr 90min 90min 45min 
Details of single exposures : 

2 1 hr on 1 hr on 45 min on “2 
2 hr lhr alternate lhr alternate 45min alternate 22} min 
daily daily days daily daily days daily ys 

80 105 95 45* (45 45 (36)* No (45) 
68 93 65 120 (40)* No (20)* No (50) 
90 175 64 70 (46)* No (23) No (35) 
75 65 95 200 (35) 570 700 480 0 
150. 7% 67 75 410 410 325 500 No 
63 200 180 60 150 No 365 180 No 
tiles 410 300 — 170 


No=no sign of sensitization; bold figures =strong sensitization; italic halts ~naldiehe sen- 
sitization; ordinary figures weak sensitization; asterisk=animals died of shock; figures in 
brackets = animals of an abnormally sensitive batch (see text). | 


+ Different animals from those of Table 1. 


Influence of varied total exposure periods at constant intervals. The results are 
given in Table 2, When the total exposure period was progressively shortened 
and the intervals between the single exposures kept constant (either 24 or 
48 hr) strong sensitization occurred with total exposure periods as short as 


_ 5hr, A further shortening down to 3 hr, 14 hr and 45 min gave, at first, an 
- unexpectedly strong sensitization; four of the ten animals died from shock 


with a preconvulsion time of 20-46 sec. Some error was suspected and sixty 
other animals were exposed to similar and to shorter periods (30, 10 and 3 min). 
None of the animals exposed to less than 45 min and only one of those exposed 
to 45 min was sensitized. Of the animals exposed for 3 and 14 hr few were 
moderately sensitized. The majority were weakly sensitized ornot at all. As these 
results were obtained with much larger numbers of animals than were used in 
the first experiment, the strong sensitization obtained at first was regarded as 
erroneous and as possibly due to the fact that a different strain of guinea-pigs 
had been used. The figures of the first experiment are included in Table 2 but 
shown in brackets. We conclude that under the experimental conditions used a 
total exposure of 5 hr is sufficient for strong sensitization, and that 45 min 
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exposure is insufficient. The periods lying between 5 hr and 45. min cause 
intermediate degrees of sensitization. According to an approximate calculation 
(Herxheimer, 1953) an animal would retain during 45 min exposure about 
5-4 mg of the horse hair antigen. At least 10 mg would therefore be required 
for some degree of sensitization. 

In twelve guinea-pigs castor bean antigen was used instead of horse hair and 
dander extract with total exposure times varying from 3 hr to 45 min. Sensi- 
tization was obtained with this antigen also, but the preconvulsion times in the 
3 hr and 1} hr exposures were slightly longer than those obtained with the 
horse hair antigen. 


Taste 3. Preconvulsion time in sec of guinea-pigs sensitized to horse hair and dander 
extract aerosol under the influence of various additional factors 


Sensitization by a total of 18 hr exposure to horse hair and dander extract 


2 hr exposure every otherday 2 hr daily exposure 
Inhalation of Inhalation Extreme Moderate Controls kept 
cotton smoke of SO, cold cold at room temp. 
4 340 105 103 215 
110 175 50 170 105 
120 700 50 105 65 
270 90 65 120 No 
700 115 45 80 380 
310 40 — 155 47 
90 75 135 


Bold italic figures = moderate sensitization; ordinary figures = weak 
sensitization. 


Influence of other factors. The influence of cotton smoke and of SO, was 


negligible (Table 3). Certainly sensitization was not stronger with, than with- | 


out, their influence. If there was any influence it acted more by decreasing 
sensitivity than by increasing it. 

The sensitization of ten animals which had been sensitized in a previous 
experiment many months before did not achieve the same degree of sensitiza- 
tion as the fresh animals. They were exposed daily or on alternate days. The 
fresh animals were all strongly sensitized whilst only four of the old ones were 
strongly, five moderately, and one weakly sensitized. 

A preliminary observation, in which five guinea-pigs, which had been kept in 
the cold, died during or after their third 2 hr exposure on the sixth day, sug- 
gested a strong influence of cold on sensitization. Necropsy of the animals did 
not show the typical picture of shock. Three animals which were kept under 
the same conditions of cold but were not sensitized remained alive and well. 
When the experiment was repeated, the result, which is given in Table 3, was 
not so dramatic but was nevertheless suggestive of an increase of sensitivity 
under the influence of cold. Of eight animals exposed to extreme cold, three 
died during the sensitization period; the other five were strongly sensitized. 
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Of eight animals exposed to moderate cold, one died during the sensitization 
period; of the remainder two were only moderately, and five strongly sensi- 
tized, although sensitization was delayed in one of them. In the control group 
which was kept indoors in the animal house, only four were sensitized strongly, 
one moderately, one weakly, and one not at all. 


DISCUSSION 


Sensitization by inhalation seems to occur only under certain conditions. The 
total amount inhaled must exceed a minimum, below which sensitization 
becomes weak and uncertain. Further, if the total amount is large enough to 
cause strong sensitization, it has this effect only if it is inhaled at certain 
intervals. If it is concentrated into 2 or 3 days, it has no effect, and if it is 
spread out over a prolonged period its effect becomes weaker. The most 
efficient intervals are 24 or 48 hr. 

It is difficult to understand why the animals were not sensitized when the 
total of 18 hr exposure was given within 2 or 3 days. The same total exposure 
spread over 9 or 17 days, or a much lower total of 5 hr within 5 days resulted 
in perfect sensitization. One must conclude that too much antigen given at 
one time prevents, rather than induces, sensitization. A similar observation is 
sometimes made if sensitization is carried out by injection. Here alsoacertain _ 
amount of antigen must not be exceeded; otherwise the result becomes doubt- 
ful. No satisfactory explanation can yet be offered for the underlying 
mechanism. 

If the interval between inhalations becomes longer than 48 hr, sensitization 
becomes weaker. This is possibly caused by the interference of newly inhaled 
antigen with the antibody production in progress. The first inhalation of 
antigen sets the mechanism of antibody formation in motion, but only after 
about 3 weeks enough antibody is present to cause shock when meeting new 
antigen. If, during this period, antigen is inhaled at intervals of 3-6 days, the 
antigen will clash with the small amount of antibody formed during the 
preceding short interval, and this amount of antibody will be saturated. This 
clash will not cause any symptoms of shock because of the small amounts of 
antibody involved. Thus the animal which is to be sensitized by this method 
is, in fact, desensitized at regular intervals during the whole sensitization | 
period. This period may last from 24 to 48 days and thus exceed the optimum 
period of antibody formation. Only when the repeated exposures to antigen 
cease can antibody accumulate again. This occurs only some time after the 
optimum period of antibody formation has expired, and it may be that this 
process decreases now in intensity. There is also reason to assume that the 
formation of antibody gradually decreases after repeated desensitization. 

The suspicion that local irritation of the respiratory membrane by cotton 
smoke and $0, would facilitate sensitization could not be confirmed by our 
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experiments on the influence of cotton smoke and SO, gas. There was, however, 
a definite suggestion of an increase of sensitivity under the influence of cold, 
but further work is necessary to confirm this. . 

The close relationship between anaphylaxis in animals and allergic disease 
in man justifies the question whether the experiments described have a 
bearing on the aetiology of respiratory allergy. It is certain that respiratory 
allergy is caused by the inhalation of allergens. Little is known about the 
amount of inhaled matter and the periods of inhalation necessary to bring 
about allergization. A few occurrences have been reported in which apparently 
normal subjects were exposed to mite infected grain dust (Ancona, 1923), 
castor bean dust (Figley & Elrod, 1928), or to finely sprayed gum arabic 
(Fowler, 1952). In these cases a high proportion of the persons at risk became 
sensitized. It can hardly be assumed that all of them were particularly pre- 
disposed to allergic disorder. They were probably normal subjects exposed to 
the inhalation of a highly antigenic substance, similar to the conditions of the 
present experiment. In these cases exposure was not continuous but inter- 
mittent. The duration of exposure and the intervals between exposure periods 
are not known. It would be interesting to know whether sensitization has ever 
occurred in normal subjects after a single prolonged exposure or after several 
prolonged exposures closely following each other. The observation made in our 

experiments that continuous exposure is less likely to lead to sensitization 
than intermittent exposure, may be of some importance for our — 
of in man. 


SUMMARY 


Guinea-pigs inhaled a highly antigenic aerosol of horse hair and dander 
extract for varying periods and were shocked by the same method after 21 days. 

2. When the total exposure time of 18 hr was kept constant, strong sensi- 
tization was only achieved if the animals were exposed to the aerosol for 2 hr 
daily or on alternate days. If the interval between exposures was increased, 
sensitization became weaker and less certain. If the 18 hr exposure was com- 
pleted on 2 or 3 consecutive days, no sensitization was achieved. 

3. When the interval between exposures was short and kept constant, the 
total exposure time could be decreased to 5 hr without lowering the degree of 
sensitization. 

4. Irritation of the respiratory passages by the iihstuihs of cotton smoke 
or SO, gas during or before the exposure did not increase sensitivity. 

We are indebted to Dr F. H. Milner, of Bencards Ltd., for the preparation and supply of _ 


strongly concentrated horse hair and dander extract, and to Dr E. G. C. Clarke, of the Royal 
Veterinary College, for a gift of castor bean antigen. 
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BLEACHING EXPERIMENTS ON EYES OF 
LIVING GUINEA-PIGS 


By R. A. WEALE 


From the Medical Research Council Group for Research in the Physiology of 
Vision, Institute of Ophthalmology, Judd Street, London 


(Received 8 September 1954) 


When light strikes the fundus of an eye, part of it is reflected and re-emerges 
through the pupil. The reflected fraction is smaller or greater accordingly as 
the eye is dark- or light-adapted, since the light has to travel through the 
retina which will or will not contain photosensitive material. The ratio of the 
two fractions determined in these circumstances provides a measure of the 
density of such material (Rushton, 1952). 

After exposing a cat’s eye to a bright source of white light, the intensity of 
a monochromatic test-beam was found to diminish either rapidly or slowly 
(Weale, 1953a, 6). This suggested that a light-absorbing substance was 
accumulating in the retina. Observations with lights of different wavelengths 
showed that the rapid decrease was maximal for a wavelength of about 
- 550 mp, the slow change for one of about 500 my. In fact, the spectral 
distribution of the slow effect suggests that, as time goes on, visual purple 
accumulates in the retina. This finding confirmed one first made by Rushton, 
using bleaching experiments (1952). 

Statistically significant differences were, however, found to exist between 
the known absorption spectrum of visual purple and that observed by the 
above means in the cat. 

It was, therefore, decided to examine another species. The guinea-pig was 
thought to be suitable for this purpose, although the smaller size of its eye 
offers a technical drawback. Histological evidence on the composition of this 
animal’s retina is controversial. Walls (1942) writes that it ‘is more certainly 
pure-rod than that of the rabbit’. This view has been confirmed more recently 
by Tansley (personal communication). O’Day (1947), on the other hand, states 
that it contains cones, and Kolmer (1936) puts the rod-cone ratio as low as 
4 or 5 to 1. This is similar to the value he found for the human periphery. If 
the guinea-pig retina contains no cones, a pure visual purple bleaching 
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spectrum might be reasonably expected to result from the present work 
(Wald, 1953). On the other hand, if the bleaching spectrum were composite, 
support would be provided for the view that the percipient elements of the 
guinea-pig do not belong to one type only. 


METHOD 


Except where otherwise stated the animals were dark-adapted for 16-20 hr. This was necessary — 
because, in these animals, the regeneration of the bleached pigment after exposure to a bright 
light proceeded at too small a rate to make feasible such measurements as those on the cat. 
Measurements of regeneration were, therefore, replaced by those of bleaching. In effect, the 
measuring procedure was as follows. A monochromatic beam of light was divided in two with a 
photometer prism. One half entered the animal’s eye, the corneal refraction of which was 


neutralized with a contact lens, and focused on the fundus. The portion reflected at the fundus 


emerged from the eye, and was juxtaposed to the other half of the original beam of light. The 
intensity of the latter could be controlled with a neutral density wedge, and thus set equal to that 
of the test-beam. In general, different readings would be obtained before and after exposing the 
eye to a bleaching light, The change due to bleaching was computed from these measurements and 
represented a measure of the bleachable material present in the eye. 

In some experiments, the available pigment supply was exhausted not in one, but in tice stages, 
first with coloured, then with white lights. Measurements of the reflexion factor were made also 
in between the two bleaches so that the change in density due to each could be determined. 

As soon as the animal had been taken from its blacked-out cage, where it had spent the previous 
night, the eye to be examined was covered with a thick wad of black cotton-wool to prevent any 
light from reaching it. While the animal was anaesthetized (25% urethane, 3-64-75 ml./0-6 kg 
body wt.), the trachea cannulated, and the animal placed in the requisite position in relation to 
the visual reflectometer (Weale, 1953c), the illumination in the laboratory was provided by faint 
red or faint blue light. 

The trachea was cannulated so that artificial respiration could be provided for the animal, which 
was curarized to eliminate eye movements. The fur surrounding the orbit was shaved. Then the 
animal’s head was immobilized in a large retort clamp so that the test-beam could enter its left 
eye. When the head was secured, a hot-water bottle was placed under the animal, the trunk was 
covered with cotton-wool, and the black cotton-wool removed from the eye to be examined. 
A thin layer of vaseline was spread over the shaved portion of the animal’s head and a thick layer 
of a mixture of hard and soft paraffin-wax spread on top of the vaseline. The paraffin mixture was 
fairly easy to spread, although its softening point. was above body temperature. It was shaped 
into a half-moon surrounding the eye on the lower side of the orbit. A circular cover-slip was then 
fitted to it, and the space between the cornea and the cover-slip carefully filled with normal saline 
(0-9 g NaCl/100 ml. of glass-distilled water). The corneal refraction was thus neutralized, and the 
test-beam could be focused on the fundus oculi as accurately as the imperfections of the dioptric 
media would permit. No drug was required to dilate the pupil. 

The spectrophotometer. This part of the apparatus was the same as in the previous investigations. 
The neutral density wedge with which the measurements were made was calibrated at every wave- 
length both before and after the investigation, and its photometric slope found to be constant to 
within +1-5%. The calibration of the Hilger Barfit Spectrometer was checked frequently and 
found to be constant to within +0-4 mp at A=643-8 my, and +0-1 mp at 480-0 mp. In order to 
compensate for the reduction of energy at short wavelengths, the geometrical slit-width was 
increased at the blue end of the spectrum. This did not materially affect the optical slit-width 
which was 3-7 mp at 546-1 mp, and varied linearly from 2-1 to 5-6 mp between 440 and 490 my. 

The bleaching source. This was the same as had been used in the work on the cat (Weale, 19534). 
The actual light exposures were, however, reduced to the values shown in Table 1. 
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The bleaching process was complete after every total bleach, and after every fractional chromatic 
followed by a fractional white bleach. This was confirmed by further exposing the eye for 1 min to 
source By. 

The characteristics of the chromatic bleaching sources are indicated at the top of Figs. 2-4. The 
short vertical line represents the maximum of the product 7',S,, where 7, is the transmissivity 
of each filter and S, the energy emitted by a tungsten filament lamp run at a temperature of 
2848° K. The horizontal line indicates the range of this product with values higher than 50% of 
the maximum. These values cannot be given for the red filter; the short-wave limit, therefore, 
represents the wavelength at which this filter transmits less than 1% of the incident light. Since 
two such filters were used in series, the bleaching source may be considered to contain effectively 
only light of wavelengths longer than 620 my. 


Tapix 1. Exposures to bleaching light and the luminances of three test-lights, measured as 
white-light equivalents* when reflected from a magnesium oxide surface 


Luminance Symbol 
Type of bleach | (ft. lamberts) in text 
Fractional and total white 7 for 3 min By 
Fractional yellow-green (Ilford 625) 2-1 for 3 min Bs 
Fractional aos (Ilford 602) 0-13 for 3 min : Bs 
Fractional red (2 Ilford 608) 25 for 3 min By 
White control » 631 for 1 min Bs 
Test-lights 
Ain mp Luminance (ft. lamberts) 
460 0-01 
500 0-023 
600 0-037 


* The author’s colour vision is normal. 


The luminance of the monochromatic test-beams was such as to make measurable bleaching 
unlikely while readings were taken. The white-light equivalents of three important test wavelengths 
are also shown in Table 1. The eyes were exposed to these and other monochromatic weak test- 
lights for much briefer periods than to the proper bleaching lights. It is, therefore, not surprising 
that the test-lights were without effect on the readings also when repeated measurements were 
made at the same wavelength. This bears out a previous observation on the cat; the only occasions 
on which the test-light visibly affected readings in those experiments was when the regeneration 
of the visual material was rapid (Weale, 1953b). This has never been observed in any of the 
Animals, The results presented below were obtained from forty-two animals out of a total of 
105 which were examined. The failure of many experiments was largely due to unstable conditions 
(cf. ‘ Procedure’). The fraction of premature deaths was unexpectedly low. No measurements of 
blood pressure were made, but, as far as could be judged by the appearance of the fundus in the 
albino animals, it was not abnormally low. pets 

_ Procedure. The order of test wavelengths for each run was decided before each experiment. 
In any one animal, a start was made with a wavelength, chosen at random, and followed by the 
next but one on the way to either end of the visible spectrum. When the end was reached, the 
omitted wavelengths were used on the return journey, and the alternating order pursued to the 
other end of the spectrum. Since some wavelengths would thus be missed on the far side of the 
starting point, these would be used after the second ‘about turn’ till the first wavelength wa s 
reached. Measurements were repeated with this and the second, and possibly third wavelength 
of the run. Unless the readings agreed within the experimental error with those obtained in the 
first instance, the run was rejected. In a dark-adapted animal the run could then be repeated in 
the hope that stabler conditions would prevail. This hope was usually in vain. Sometimes, how- 
ever, the ‘dark-adapted’ run would provide reproducible results. After bleaching, on the other 
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hand, conditions might be unstable, in which case the whole of the experiment would be written 
off as a failure. Only those experiments in which reproducible results were obtained for each run 
were considered to be successful. 

_ The order of wavelengths used when examining the dark-adapted animal was adhered to with 
any one animal after bleaching, but varied from case to case. It depended partly on the original 
wavelength and whether one went towards the long or short wavelength end of the spectrum. It 
was hoped that any variations in the data, conceivably due to the order in which the readings 
were taken, would cancel as a result of both interlacing the readings and altering their pattern. 
_ The reasons for the instability have not been elucidated. Variations in blood pressure may 
partly be responsible; in an experiment on a cat, which was very unstable, a close correlation was 
observed between readings taken at one wavelength and the blood pressure. 

Types of experiments performed. The pattern underlying this investigation was not planned but 
emerged as the data became available. The first experiments were done on pigmented animals 
which had been dark-adapted for only an hour after being prepared. No precaution was taken 
with the illumination of the room. The bleaching was total and done with white light. Every 
bleaching spectrum was so utterly at variance with preconceived ideas that it was decided to 
extend the measurements to albino animals under similar conditions, and also to albino and 
pigmented guinea-pigs which had been dark-adapted for 16-20 hr. In experiments in which the 
animals had been dark-adapted for such a long period, the precautions mentioned previously were 
carried out rigorously. Five animals were used in each of the above four sets of experiments. 

When the results for the total white bleaches were examined, the question arose whether or not 
only a single photochemical substance was being bleached. The method of partial bleaching 

(Dartnall, 1952) was simplified in an attempt to provide an answer. The density changes due to 
chromatic bleaching and to bleaching to completion with white light were determined in turn. 

The chromatic bleaching was done on three sets of five animals, each with yellow-green, blue 
and red lights. The light on the operating table, torches, etc., was red in the former two cases, but 

blue when the red bleaching light was used, in the hope that this would minimize the effect of 
stray light in the spectral regions under special examination. The animals used in the chromatic 
bleaching experiments were all albinos and all dark-adapted for 16~20 hr. 

A relation was expected to exist between the changes in density due to total white bleaches on 
the one hand, and the combined chromatic and fractional white bleaches on the other, since the 
initial stage—a totally dark-adapted eye—and the final stage—a totally bleached eye—were 
similar in the two groups. Results from fifteen fractional (chromatic and white) and five total 

white bleaches, done on albinos after long dark-adaptation, were available for the comparison. 

But the former group contained five, prepared in blue light, whereas red light had been used during 

the preparation of the latter. To make the two groups more strictly comparable total white bleaches 

were done on two more albino animals which had been prepared in blue light. 

Once an eye had been exposed to light in order to bleach part or all of its photosensitive contents 
the source was switched on in between readings so as to keep the eye in a photochemically steady 
state. 

The time occupied by the measurements was about 35 min when the bleach was total, and nearly 
an hour when two fractional bleaches were done. 

Correction factor. The theory underlying the determination of the factor « which takes into 
account the fraction of light scattered into the photometer by irregularities in the crystalline lens 
is given in the Appendix. — 

RESULTS 

The total white bleaches. The averages of five total white bleaches done on 

albino and pigmented animals both after an hour’s (LA) and 16-20 hr (DA) 


dark-adaptation are shown in Fig. 1. The data for the pigmented animals are 
double-humped. In spite of the sizeable standard error (due more to variations 
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amongst animals than to errors of measurement) the humps are considered to 
be significant. Two peaks occurred in every single run in both the LA and DA 
set of experiments; the only variation consisted in their precise spectral location. 

The individual measurements on the albinos were always maximal at about 
500 mp, but all showed slight humps or shoulders at 460-470 my. 


Dark-adapted Light- 
pigmented pigmented - 
guinea-pigs guinea-pigs 


D 
Light-adapted 
albino 


guinea-pigs 


450 500 boas 600 650 450 500 550 600 650 
Wavelength (mz) 


Fig. 1. Loss of density AD, at various wavelengths resulting from total bleaching with light 
source (f,). A. Pigmented guinea-pigs, nos. 19, 20, 23, 27 and 28, dark-adapted for 
16-20 hr. B. Pigmented guinea-pigs, nos. 1, 4, 5, 18 and 34, dark-adapted for l hr. C. Albino 
guinea-pigs, nos. 26, 32, 33, 35 and 92, dark-adapted for 16-20 hr. D. Albino guinea-pigs, 
nos. 7, 10, 11, 15 and 17, dark-adapted for 1 hr. | 


The fractional bleaches. Results obtained from chromatic bleaches with 
yellow-green light are shown in Fig. 2. The maximum is at about 510 mp, 
and there is a subsidiary hump in the orange part of the spectrum. The data 
resulting from subsequent white bleaches are shown below the former; they — 
are maximal at about 460 my (this was observed in every run). 

Fig. 3 shows results obtained when the bleaching light was blue. There is 
a sharp peak at 460 mp (obtained in every run) with a broad hump at longer 
wavelengths. This secondary maximum was ill-defined in the individual 
experiments. The subsequent white bleaches produced points maximal at 
about 500 my and a faint shoulder at about 540 my. 
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Yellow-green 
followed by white ~ 


Density change AD, : 


| 
-0-02 


450 500 550 600 650 
Wavelength (my) 


Fig. 2. Loss of density AD, at various wavelengths resulting from A, partial bleaching with light 


source B,; B, bleaching to completion with light source B,. Albino guinea-pigs, nos. 51, 53, 
55, 60 and 62. 


Blue followed ~ 
by white 


450 500 550 600 650 
Wavelength (my) 


Fig. 3. Loss of density AD, at various wavelengths resulting from A, partial bleaching with light 
source £,; B, bleaching to completion with light source £,.. Albino guinea-pigs, nos. 65, 66, 
37 PHYSIO. CXXVII 
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~The data yielded from red-light bleaches are shown in Fig. 4. At short 
wavelengths the trend is negative (possibly a substance was being regenerated). 
But bleaching has taken place in the orange part of the spectrum maximally 
at about 610 mp. Subsequent bleaching with white light produced a maximum 
at 500 mp together with a well-marked minimum at 580 mp, which occurred 
in every individual run. | 

The curves in Figs. 1-4 were drawn freehand. Representative ee of 
standard errors are indicated in a few instances. 


002+ Red followed 
by white 


Density change AD, 


a 


450 500 550 600 650 
Wavelength (my) 


Fig. 4. Loss of density AD, at various wavelengths resulting from A, partial bleaching with light 
source B,; B, bleaching to completion with light source £,. ee 82, 
83, 85, and 90, 


DISCUSSION 


Seasonal variation. The experiments were begun on 7 December 1953 and 
concluded on 16 July 1954. Tansley (1931) found that the rate of regeneration 
of visual purple in the rat showed a seasonal variation, and some seasonal 
effect might have been expected in the present measurements, The rate of 
regeneration, however, is not necessarily related to the total available amount 
of visual purple, which may explain why no measurable seasonal variation in 
the amounts of pigments bleached could be détected here. 

Application of the correction factor «. Since equation (3) (see Appendix) 
contains the antilogarithm of the measured density change AD,,, the correc- 
tion factor « should be applied to every reading obtained at each wavelength. 

It was found, however, that when the individual values so corrected were 
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averaged, the difference between this mean and that resulting from an applica- 
tion of « to the uncorrected average of five values affected only the fourth 
decimal place. Such a difference is insignificant. The procedure of correcting 
mean values was therefore adhered to throughout the calculation of the final 

Although « (Fig. 7) shows a pronounced spectral variation, it has no marked effect on the 
character of the bleaching curves. In some cases the difference between corrected and uncorrected 
data is as much as 75%. But in no case does the application of « to the raw results lead to the 
appearance or disappearance of any characteristic feature. 

The total white bleaches. Experiments done on the cat (Rushton, 1952; 
Weale, unpublished observations) and the rabbit (Hagins & Rushton, 1953) 
with white light led to bleaching curves which could be explained by assuming 
that the substance bleached was visual purple. It is clear, however, that the 
double-humped data on the pigmented animals are not comparable with the 
absorption spectrum of visual purple (cf. the curves shown in Fig. 5); as 
mammalian visual purple differs from amphibian (Crescitelli & Dartnall, 1953), 
it is visual pigment 497 which forms the basis of the present comparisons. 

Although the experiments done on the albino animals provide data similar 
to the absorption spectrum of visual purple, both (LA))and (DA) show a 
shoulder in the blue part of the spectrum. There is little doubt that this is 
connected with the hump found in this spectral region when the pigmented 


animals were examined, but thst the — is, as it were, nearly submerged in 


a sea of visual purple, 


This raises the interesting question of the relative amount of bleaching 
which occurs in these experiments. While there is only a small difference 


_ between the ordinate values when the (DA) are compared with the (LA) 


animals, the differences are sizeable when the albinos are compared with the 
pigmented guinea-pigs. This suggests, at first sight, that albinos have more of 
the light-sensitive substance. But it is hard to find a reason for such a state of 
affairs. One would expect the reverse to be the case. Assuming the visual tasks 
performed by these animals in everyday life to be similar, the unpigmented 
iris of the albino will transmit more light than the pigmented one of the other 
animal, The light absorption due to haemoglobin in the iris will not seriously 
affect the bleaching value of the light, and thus the albino retina will receive 
more light than that of the pigmented animal. But if the stimulus is stronger 
the concentration of visual pigments could be smaller. In fact, the opposite 
appears to be the case. 

An alternative explanation suggests itself. The amounts of bleachable 
material may well be the same in both types of eye. But the presence of 


- pigment in the pigment epithelium in the ‘pigmented’ eye ensures that a much 


smaller fraction of the light transmitted by the retina is reflected. Thus the 
bleaching in the albino is much more efficient than in the pigmented eye. This 
37-2 
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interpretation has to face the difficulty of explaining why efficiency should 
matter when bleaching is complete and regeneration very slow. Further 
evidence on this point is required. 

"Perhaps it may be emphasized that the difference between the two types is not likely to be due 
to some obvious technical cause, such as bleaching by the test-lights. It has previously been shown 
that this was unlikely to occur in any of the experiments. In any case, owing to the greater 
reflectivity of the albino fundus it was possible to use lights about half as intense as those employed 
in the pigmented eyes. In such circumstances, a greater density change would be expected to 
occur in these eyes than in the albino. Since the reverse is true, additional evidence is provided 
for the belief that the test-lights have no measurable effect on the observed density changes. 


The partial bleaches. The total white bleaches seemed to indicate that visual 
pigment 497 could not be the only photosensitive component present in the 
guinea-pig retina: what other photosensitive pigments were present? Their 
existence was shown more clearly in the data on the pigmented than in those 
on the albino animals. But the measurements on the former were so arduous 
because of the small amount of light reflected from the pigmented fundus that 
it was decided to continue the work on albinos only, This decision involved a 
gamble because it was taken for granted that there was no essential photo- 
chemical difference between the two types of eye. 

Dartnall (1952) has shown that when a thermally stable photosensitive solution is exposed in 
turn to two or more bleaching lights of different spectral composition, conclusive evidence can be 
_ obtained as to the minimum number of independent photosensitive components present in the 
_ solution. If the photosensitive contents of the retina can be bleached in vivo, there is good reason 
to believe that this can be done also in stages with different illuminants, provided the preparation 
remains stable. It was assumed in these as in the total white bleaches that if the preparation 
was stable during the measurements, the only change due to bleaching was photochemical in 
nature. 

The first chromatic (partial) bleaching was done with yellow-green light; the 
bleaching was completed with white light. The results shown in Fig. 24, 
which represent the change due to illumination with yellow-green light, are 
maximal at about 510 my and differ from the absorption spectrum of visual 
pigment 497. The additional hump in the orange part of the spectrum is pre- 
sumably due to another light-sensitive component. The reason for the con- 
siderable negative values at 640 and 650 mp is unknown. Generally, such 
negative data were obtained in this region only when the animal was prepared 
in red light. They occurred also in the cat (Weale, 1953a), but it is not known 
at present whether or not they are due to the accumulation of some substance 
owing to bleaching. 

The subsequent white bleaches are maximal in the region of 460 my. At 
first sight, it might be thought that this is adequate proof of the existence of 
a ‘blue’ pigment in its own right, and that this accounts for the humps and 


shoulders obtained in this spectral region when the bleaching was white and 
total. 
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However, the displacement of the maximum from 500 to 510 my (in the 
yellow-green bleach) might be accidental, and the peak at 460 my might 
result merely from a secondary change occurring in a product due to the 
first bleaching (cf. Wald, 1953). | : 

To put these views to a test, a second series of experiments was carried out 
in which the eyes were first exposed to blue and then to white light. Fig. 3 
shows the results obtained under these conditions; the peak in the former data 
is in the same spectral region as that due to the second bleach in Fig. 2. The 
data obtained from the subsequent white bleach are maximal at 500 my. The 
shoulder shown at about 540 my is consistent with the displacement of the 
maximum from 500 to 510 my as found in the yellow-green bleaches (i.e. 
Fig. 2.4), but it is uncertain whether this is significant. 

The narrowness of the peak at 460 my in both Figs. 2B and 3. calls for 
some comment. It is impossible to say whether or not it represents a ‘narrow- 
band’ pigment (cf. Arden, 19542). In the present experiments, measurements 
were made of difference spectra. Although such spectra may be similar to 
absorption spectra under certain conditions (cf. Arden, 19545), the eyes under 
examination do not contain only one photosensitive component. Thus the 
accumulation of a decomposition product of one component—which would 
normally be manifested as an increase in density, i.e. by negative AD,, 
values—may partly mask the disappearance of another light-sensitive sub- 
stance, represented by positive AD,, values. For example, the temporary 
accumulation of a decomposition product due to a pigment absorbing 
maximally, say at 540 mp, could, as it were, sharpen the spectral variation 
of the disappearance of one absorbing maximally at 460 my. 

This seems to be the case when the initial bleaching light is red (Fig. 4). 
Selective bleaching occurs in the orange part of the spectrum. However, the 
intensity employed in these experiments does not appear to have denuded the 
eye of all the red-sensitive substance present. On subsequently bleaching the 
eye with white light, when the main density change occurred at about 500 my, 
there was a further small change between 600 and 650 my, but at 580 my there 
was an increase in density (the standard error at this wavelength is smaller 
than the symbol used for the point); values at 540 and 560 my are also some- 
what lower than would be expected on the basis of the other measurements. 
This may be due to the accumulation of a product of the red-sensitive com- 
ponent cancelling the density decrease due to the disappearance of a green- 
sensitive component. There is no suggestion here that this cancellation is 
photochemical in nature; it is caused, in all probability, by a densitometric 
effect. 

Comparison of total and combined partial bleaches. As decomposition products 
due to the chromatic bleach may be present during the subsequent white 
bleach, a rigorous correlation between the sum of the two partial bleaches and 
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the total white bleach (Fig. 1C) would not necessarily be expected. On the 
other hand, if the three types of chromatic and partial white bleaches are 
averaged, the above secondary effects will lose much of their significance. Such 
an averaging has been done for fifteen animals in Fig. 5a (white circles), where 
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Fig. 5. (a) Comparison of the sums of the partial with total bleaches. @, bleaches with light source 
B,, albino guinea-pigs, nos. 26, 32, 33, 35, 93, 97 and 105. O, mean of sums of partial bleaches 
obtained from Figs, 2-4. — — —, absorption spectrum of visual pigment 497 corresponding 
to a density of 0-13. ——, ditto for 0-12 (for details see text). (6). Difference between the 
averages of © and @, and the template curve for a density of 0-12 in Fig. 5a. The horizontal 
lines represent regions of modulator activity found in the guinea-pig eye by Granit (1942). 


the data are compared with seven total white bleaches (black circles). The 
latter contain five data for animals prepared in red, and two prepared in blue 
light, so as to make the results more nearly comparable. Perhaps it should be 
emphasized that both sets of points represent the actual density changes to 


which « has been applied; the ordinates of neither set have been scaled to 
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facilitate the comparison. The agreement between the two sets is as satisfactory 
as can be expected from the conditions of the experiments. 

Comparison with the absorption spectrum of visual pigment 497. All mam- 
malian retinae from which extracts have been made and examined have been 
found to contain a visual pigment whose maximum of absorption occurs at 
a wavelength of about 497 my. The absorption spectrum of this substance, 
which presumably exists also in the guinea-pig retina, provides a yard-stick 
with which to assess the present data. In all tests of this nature an arbitrary 
assumption is made as regards the relative scaling of the data to be examined. 
In the present case, the amount of presumed pigment chosen was such as to 
avoid negative values when the density of the pigment was subtracted from 
the experimental data. That is to say, the curve was equated to the data at 
A=480 my. Its maximum thus corresponds to a density of 0-12. | 

The agreement is poor, and cannot be improved by increasing the presumed 
amount of visual pigment 497 to correspond to a value of, say, 0-13 (cf. Fig. 5a). 
While the density change due to bleaching is about 0-13-0-14, it is impossible 
to decide on the contribution of visual pigment 497 to this value. The necessity 
to effect partial bleaching in a relatively short time enforces the use of rather 
impure chromatic light. This renders a precise characterization of the indivi- 
dual photosensitive components of a retina impossible. While the results of 
Figs. 2-4 have failed in accurately describing the pigments present in the 
guinea-pig retina, it may be said to contain at least three components other 
than visual pigment 497. 

It also follows that the sum of the absorptions of several pigments can 
approximately mimic the smooth absorption spectrum of a single substance, 
and—unless partial bleaching is carried out in vivo as well as im vitro—mis- 
leading deductions can be made from the appearance of both absorption and 
bleaching spectra. 

Comparison with electrophysiological work. Granit (1942) has published data 
on the spectral variation of single-fibre potentials in light- and dark-adapted 
guinea-pig retinae. The sensitivity curve for dark-adapted receptor-fibres 
agrees well with the absorption spectrum of visual pigment 497 except in the 
region of 450 mu. It also agrees with the data shown in Fig. 1C. According 
to Granit, ‘the large value in 0-450 comes from two series with a markedly 
blue-sensitive element despite dark-adaptation’. He also found evidence for 
modulator-type elements active mainly in the spectral regions indicated in 
Fig. 5b, If Dp, the density of the visual pigment 497, is subtracted from the 
mean of the experimental data in Fig. 5a, residuals are obtained which are 
plotted in Fig. 5b. Their spectral variation, which varies only slowly with the 
maximum assumed for Dp, suggests that the photochemical components 
revealed by partially bleaching the guinea-pig eye (Figs. 2-4) may perhaps 
provide a basis for the modulators which Granit found in this eye. 
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SUMMARY 


1. Bleaching spectra were measured in twenty-seven albino and ten 
pigmented anaesthetized, curarized guinea-pigs. BPR: 

2. The bleaching sources were: white, red, yellow-green, or blue. 

3. Prolonged dark-adaptation of the animals before the experiment led to 
greater density changes than in the absence of dark-adaptation. 

4. The white bleaches suggested the presence of more than one photo- 
sensitive component in the guinea-pig’s retina. | 

5. This was confirmed by the chromatic bleaches. It is thought that four 
such components may be present in this eye. 

6. The data are compared with others obtained in photochemical and 
electrophysiological investigations. 


I should like to thank Miss Daphne Taylor for her able assistance in these experiments. 


APPENDIX 


Theory. Brindley & Willmer (1952) have suggested that, when: the intensity of light reflected 
from the human fundus is measured, allowance may have to be made for the light scattered into 
the detector by the ocular media. Hagins (personal communication) determined the fraction of 
light scattered in the lens of the albino rabbit by injecting the vitreous with indian ink. | 


\\ 


(b) 


Fig. 6. See text. 


A simple theory shows that the operative factor is not so much the amount of light scattered by 
the lens, as the ratio of this quantity to that reflected from the fundus. In the present apparatus, 
in which a narrow pencil of light enters the eye, and the minute amount of light reflected at the 
air-eye surface can be deflected away from the apparatus simply by tilting the cover-slip over the 
eye, this ratio can be determined directly. Let J be the intensity of the monochromatic test-beam 
incident on the eye (Fig. 6a), The amount scattered backward within a small solid angle d@ is Is. 
The intensity on the posterior side of the lens is therefore J (1 — 8), where 8 represents the total 
amount of light scattered. In the dark-adapted eye, the retina transmits a fraction T', of the 
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incident light to the fundus, where a fraction R is reflected towards the detector. Hence the 
measured intensity of the returning beam is J[ RT}, (1 - 8)* +s]. A similar expression is obtained 
for the bleached eye, the retina transmitting a fraction 7’, of the incident light (Fig. 66). Thus the 
measured, a8 distinct from the actual, change in the transmissivity of the retina, which occurs 
during bleaching, is given by the ratio of these quantities, namely, 


RT43,(1 8)? +38 
If s is very small as compared with the first terms in the numerator and denominator respectively, 
7%, =~ 1}/T7, or the measured is equal to the actual change in transmissivity. This obtains when 
R is large, e.g. when the fundus is covered with a tapetum. _ 
When the eye was viewed, not through the photometer, but from a point above, and to one side 
of, the path of the test-beam, one could see two linear patches of light. The anterior one was due 


to light scattered in the lens, the posterior to the reflexion at the fundus. The separation between 
the two enabled one to compare their brightness. 


@ Pigmented guinea-pigs 
© Albino guinea-pigs 


~ 450 500 550 600 
Wavelength (my) 


Fig. 7. Values of «. Pigmented guinea-pigs nos. 98, 99, 100, 
albino guinea-pigs nos. 102, 103 and 105. 


Visual examination showed that within an angle of +20° from the direction of the incident 
beam there was no appreciable variation with viewing angle of the amounts of light scattered by 
the lens and reflected by the fundus respectively. It could thus be assumed that the ratio (light 


_ scattered by the lens) -- (light reflected from fundus) when measured at an angle of about 15° would 


be the same as along the direction of the incident beam. 

The brightnesses of the two beams were equated by placing in the path of the brighter beam 
a neutral filter of suitable density. A series of such filters whose nominal values increased by 
0-1 was calibrated at each wavelength (Weale, 1951). Let the transmissivity of the filter equating 
the two brightnesses be «. It follows from Fig. 66 that 
(2) 


if the eye remains completely bleached. This was ensured by switching on source f, between the 

matches, a precaution which may well be thought unnecessary in view of the slowness of regenera- 
tion of photochemical substances in the guinea-pig retina. 
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Substituting (2) in (1), 


(74/77) + 
l+a 
(1 +a)-«, 
=ADy —} logy (3) 


where AD, and AD, are the real and measured density changes respectively. In effect, the real 
is always greater than the measured change, no matter whether AD, is positive or negative. 
Results. The correction factor « was determined on three pigmented (@) and three albino (©) 
guinea-pigs respectively (Fig. 7). The two bands superimposed on the general trend of the curves 
at 540 and 580 mp are due to haemoglobin. In the region of the haemoglobin bands light is 
absorbed strongly and a correspondingly smaller proportion reflected. But, according to equation 
(2), a reduction in R leads to an increase in «, which is in fact observed, The poor reflexion in 
pigmented eyes also explains why « for these animals is so much higher than for the albinos. 
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BLEACHING EXPERIMENTS ON EYES OF LIVING GREY 
SQUIRRELS (SCIURUS CAROLINENSIS LEUCOTIS) 


By R. A. WEALE 


From the M.R.C. Group for Research in the Physiology of Vision, Institute 
of Ophthalmology, Judd Street, London, W.C. 1 


(Received 9 September 1954) 


The eye of the guinea-pig was recently examined by a method previously 


applied to the cat (Rushton, 1952; Weale, 1953, 5), and the albino rabbit 
(Hagins & Rushton, 1953). The results from that investigation suggest that the 
guinea-pig retina may contain more than one photochemical substance (Weale, 


- 1955). Since some authorities believe that this retina is cone-free, it became of 


interest to examine one which is thought to be rod-free. According to Walls 
(1942) and Arden & Tansley (1955), that of the grey squirrel (Sciurus carolinensis 
leucotis) contains almost certainly only cones. Accordingly, four such animals 
have been examined, no larger number being available. 


METHOD 
The procedure adopted in connexion with the squirrels was similar to the one followed when the 
guinea-pigs were examined (Weale, 1955). Briefly, a monochromatic beam of light was split into 
two parts. One entered the animal’s eye, the corneal refraction being neutralized by means 
of a contact lens consisting of a cover-slip and saline (0-9% NaCl solution). This light beam passed 
through the retina, was reflected at the fundus, and again passed through the retina. On emerging 
from the eye, its intensity was compared visually with that of the other light beam, which could 
be controlled with a calibrated neutral density wedge. When the two intensities were equal, the 
wedge provided a measure of the intensity of the light returning from the animal’s fundus, In 
general, there was a difference between the two wedge readings corresponding to the fundus 
reflexion before and after bleaching with white light respectively. This difference was assumed to 
be owing to a photochemical change occurring in the retina during bleaching. 

There were three departures from the method used in the examination of the guinea-pigs: 

(a) As urethane (3-5 ml./0-5 kg) and curare (0-3-0-6 ml.) did not sufficiently dilate the pupils, 
two or three drops of atropine were dripped into the conjunctival sac to increase the pupil size 

to about 4 mm. 

(b) The rate of regeneration of the bleached photochemical substances—i licably slow in 
the guinea-pig retina—was, fortunately, reasonably fast in the squirrels. Comparable spectral 
bleaching curves could be obtained within half an hour of each other, thus enabling the operator to 
make repeated sets of measurements on one animal, There was no need to dark-adapt the animals 
for longer than 30 min nor to take extensive precautions with respect to the illumination of the 
dark room, torches, etc., while the animal was being prepared for the experiment. 
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(c) All the bleaches were done only with white light, the intensity of which was 
2-28 x 10° ft.lamberts. 

The monochromatic test beam could be focused on the animal’s fundus with great precision. 
An image of the exit slit of the monochromator could be seen on the fundus as a fine straight line; 
this was in contrast to the case of the guinea-pig whose less perfect dioptric apparatus produced 
a somewhat blurred image. . 

The present fundus was darker than that of pigmented guinea-pigs. It was accordingly even 
more necessary to know the values of a, the ratio (light scattered by lens ) + (light reflected from 
the fundus). This was measured in the same way as for the guinea-pig by comparing the intensity 
of the light scattered from the lens with that coming from the bleached fundus. 

The comparatively rapid reaccumulation of the photosensitive material after bleaching explains 
partly why results could be obtained from every one of the four squirrels examined. Even so, 
differences between the animals were apparent. Thus, three and four sets of measurements could 
be obtained easily from nos. 1 and 3 respectively, while nos, 2 and 4 yielded only one set each; 
many hours were wasted in witnessing the type of instability previously noted in the eyes of cats 
and guinea-pigs. As in the previous work, results were accepted only when the reproducibility 
of the readings in any one run of measurements vouchsafed the stability of the reflecting properties 
of the fundus (cf. Weale, 1955). 


Wavelength (mu) 


Fig. 1. Values of a (ordinate) plotted as a function of the wavelength (abscissa). Each point 
represents the mean of three measurements, except that for \=640 my, which is due to a 
single reading. The curve is drawn freehand. 


RESULTS 


The correction for light scattered by the lens. The mean values of three measure- 
ments of « at each wavelength are shown in Fig. 1. The «-values are charac- 
terized by two haemoglobin bands, which had also been observed in those 
obtained from the guinea-pig. The magnitude of « is such as to make the real 
density change AD», nearly twice the measured value AD Me 

The density changes due to bleaching with white light. When the reflexion 
factor of the squirrel fundus was measured with light of various wavelengths, 
both before and after bleaching with white light, and the factor « applied to 
the mean of nine readings, the results for the real density change AD,, shown 
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in Fig. 2 (@), were obtained. Representative samples of the standard errors 
are shown. The data give a single-humped curve whose maximum is at about 
535 mp. At 460 mu AD» is negative, which suggests that the bleach caused 
the accumulation of a substance absorbing mainly short-wavelength light. 


008 


Wavelength (mys) 
Fig. 2. Density changes (ordinate) observed at various wavelengths (abscissa) after bleaching 
the squirrel eye with white light (@). The crosses ( x ) represent the sensitivity, measured 
lectroreti hically by Arden & Tansley (1955). The curve is drawn freehand. 


DISCUSSION 
The bleaching spectrum. The bleaching spectrum with maximum 535 my 


| approx, differs from any of the spectra measured in vivo in the guinea-pig 


(Weale, 1955), rabbit (Hagins & Rushton, 1953) or the cat (Rushton, 1952; 
Weale, 1953a, b, unpublished material), The difference exists not only as 
regards the wavelength of the maximum of the density change but also in the 
shape of the curve. Any argument as to whether it represents the bleaching 
spectrum of a narrow-band pigment (Arden, 1954) must be deferred at present, 
and can, in any case, be settled only by a spectrophotometric examination of 
extracts of the squirrel retina. 
Comparison with the spectral sensitivity as measured with the e.r.g. Arden & 


 Tansley (1955) have recently measured the spectral sensitivity of the eye of 
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the grey squirrel, using the e.r.g. as an index of its response. Their results, 
corrected for energy losses in the crystalline lens, are plotted ( x ) for an equal 
quantum spectrum also in Fig. 2. They have been scaled to facilitate a com- 
parison with the present bleaching curve. While some stricture may be placed 
on comparing a sensitivity curve with a difference spectrum (such comparisons 
- should be made with absorption spectra), experience gathered from other 
substances (cf. Dartnall, 1953) shows that the use of a difference spectrum is 
permissible as a first approximation in certain circumstances. The agreement 
between the two sets of data on the squirrel is as good as may be expected 
when the errors of the two methods are considered. | 


TaBLE I, Density changes on bleaching eyes with white light 


Species Reference 
Rabbit 0-2 Hagins & Rushton (1953) 
Cat* (atropinized) 0-1 Weale (19532) | 
Cat (non-atropinized) 0-16 Weale (unpublished) 
Guinea-pig (non-atropinized) 0-09-0-14 _ Weale (1955) 
Squirrel (atropinized) 0-08 This work 


* Measurement of regeneration of photosensitive substance. 


The maximum density change. No partial bleaches were done on the squirrel 
eyes, and it is therefore uncertain whether or not more than one pigment was 
bleached. But the magnitude of the maximum density change (AD,,,.) 
throws some interesting light on current views on vision. As Table 1 shows, 
this value is commensurate with those observed in other species when the 
in vivo method was employed. The present are the first photochemical mea- 
surements on what Arden & Tansley (1955) suggest may be a pure cone 
structure. It is widely believed that the pigment densities in cones are much 
lower than those in rods. This view, not supported by the present findings, is 
generally held to account for the difference between rod and cone thresholds 
as measured in the human retina. Thus Wald (1954) writes: ‘Large as rhodopsin 
looms in the microstructure of a rod, it occupies a correspondingly small 


position in the microstructure of a cone... .A cone, which possesses very little 


visual pigment and hence a small probability of absorbing light, has a corre- 
spondingly high threshold.’ Arden &Weale (1954) have shown, however, that 
under similar conditions of retinal summation, the threshold of rod and cone 
vision for white light are in fact nearly the same. This is in accord with the 
present finding, namely, that the pigment densities can be similar in the two 
structures. It follows that other causes (e.g. retinal summation, latent period, 
etc.) may contribute to the differing functional behaviour of rods and cones. 
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SUMMARY 


1. Bleaching spectra have been measured in four dark-adapted grey 
squirrels (Scvurus carolinensis leucotis) which were anaesthetized and curarized. 
2, The mean spectrum shows a maximum density change at 535 mp and 


is narrower than other bleaching spectra obtained by in vivo or in vitro methods. 
3. The spectrum bears some resemblance to the spectral sensitivity curve 
obtained for the same animals electroretinographically. 


I should like to thank Dr K, Tansley for providing me with the squirrels, and Miss Ann Ley for 
her ready help during the experiments, 
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THE SPECTRAL SENSITIVITY OF THE PURE-CONE RETINA 
3 OF THE GREY SQUIRREL (SCIURUS 
CAROLINENSIS LEUCOTIS) 


By G. B. ARDEN anp KATHARINE TANSLEY 
Institute of Ophthalmology, London 


(Received 9 September 1954) 


The electroretinograms recorded from pure-cone retinae differ markedly from 
those recorded from pure-rod retinae. Thus, the pure-cone electroretinogram 
shows a very definite negative a-wave followed by a positive. b-wave and a 
further positive deflexion when the stimulus is removed—the off-effect. There 
is no c-wave (Chaffee & Sutcliffe, 1930; Bernhard, 1941). The pure-rod or rod- 
dominated retina, on the other hand, has little or no sign of an a-wave and 
a b-wave immediately followed by another slow wave which may be positive 
or negative (Parry, Tansley & Thomson, 1953). There is often no off-effect, 
especially if the records are taken during dark-adaptation (Granit, 1933). 

It so happens that the only pure-cone retinae hitherto investigated belong 
to cold-blooded species, the horned toad and the tortoise, while most of the 
pure-, or almost pure-, rod eyes have been taken from mammals. 

The only mammals known to have a pure-cone retina occur in the family 
Sciuridae which includes the tree squirrels, ground squirrels and flying 
squirrels. Of these the flying squirrels are nocturnal and are said to have 
nearly pure-rod retinae, the ground squirrels are definitely diurnal and are 
said to have pure-cone retinae, while the tree squirrels are generally diurnal 
and have a retina which, on purely histological grounds, probably, but not 
certainly, contains cones only (Walls, 1942). 

Since the common grey squirrel, Sciurus carolinensis leucotis, was the easiest 
of the diurnal Sciurids to obtain, this was the species used, in spite of the 
slight doubt as to the histological nature of its visual cells. We were interested 
to examine the general form of the electroretinogram and to determine whether 
this changes according to the state of adaptation, as is common for the 
records from mixed rod and cone retinae (Granit, 1933). We were also anxious 


to know whether the spectral sensitivity curve is that characteristic of rods or 
of cones and whether it shows a Purkinje shift. 
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By far the greater part of the work reported here was done in Prof. G. L. Brown’s laboratory 
at University College London, and with his apparatus. We are most grateful to him, for without 
this assistance it is unlikely that we should have been able to undertake this investigation. 


METHODS 


Material. All the experiments were done on two young grey squirrels, a male and a female, 
caught for us by Mr and Mrs Vizoso (Monica Shorten). When the experiments were finished both 
animals were killed. Histological preparations of the retina and back of eyeball were made from 
one. The spectral transmission of the lenses of the other was measured for us by Dr R. A. Weale. 

Histological, The upper part of the body was fixed by intravital injection of Kolmer’s fixative | 
under deep pentobarbital sodium (Nembutal) anaesthesia. The anterior part of each eye was cut 
away during dehydration and the posterior parts embedded by the hot celloidin method (Walls, 
1936). Sections were cut at 8 on a rotary microtome. Four staining methods were used; (1) iron 
haematoxylin and phloxine, (2) iron haematoxylin and aniline blue-orange G mixture, (3) the 
azan method, (4) Feulgen’s technique. 

Electrical. Electroretinograms were taken under very light Nembutal anaesthesia, the eyes 
having been atropinized the night before. The mydriasis was reinforced by instillation of cocaine 
and adrenaline whenever it seemed necessary during the experiment. The eyes were also thoroughly 
anaesthetized with pantocaine applied locally. The initial dose of Nembutal was 0-5 ml. of a 
6% solution 1.P., but further small doses always had to be given during the course of the experiment. 

The electrodes were both made of cotton-wodl soaked in 0-9% NaCl solution (saline). The 
indifferent electrode was a cotton-wool pad applied to a shaved area on the animal’s forehead by 
means of electrode jelly. It was held in position by a rubber band round the head. The active 


electrode was a cotton-wool wick attached to a chlorided silver wire and placed on the cornea. 


All the potentials are conventionally described with reference to the corneal electrode. 

The electrodes were connected to the input of a 3-stage two-sided d.c. amplifier. In later 
experiments, after we were sure of the true form of the electroretinogram, coupling condensers 
giving a time constant of 1-5 sec were introduced. For a very few observations we used Karpe’s 
electroretinogram machine (Karpe, 1945) with a contact glass electrode on the cornea (see Fig. 1). 
The electroretinograms were displayed on a Cossor 1049 oscillograph and photographed on 35 mm 
film. 

The light stimulus was given by a projector bulb (6 V, 30 W) in a microscope lamp-housing with 
a focusing lens 5 cm in diameter. The image of the filament was focused on to the squirrel’s cornea 
so that the stimulus should be as nearly as possible in Maxwellian view. Under these conditions 
the lens was 30 cm from the animal’s eye and, therefore, subtended an angle of about 10° at it. 
Part of the light beam was deflected onto a photocell which registered the duration of the stimulus 
flash on the second beam of the cathode-ray tube. 

The intensity. of the light stimulus was controlled by means of Ilford neutral filters placed in 
front of the focusing lens. The various coloured stimuli were obtained by using Ilford Spectrum or 
Bright Spectrum filters with or without combinations of neutral filters. The length of the light flash 
was determined with a Compur shutter, which was hand-operated and the duration of the stimulus 
varied between 1 and 2 sec. We have results, to be published later, which indicate that within 
these limits, the electroretinogram is not affected by the length of the stimulus. 

The absolute intensity of the light source was determined by direct comparison photometry. 
When the lens was seen in Maxwellian view its brightness was equal to that of a magnesium oxide 
surface illuminated with 83,000 f.c. 

All the colour filters were calibrated with a Unicam SP 600 spectrophotometer, density measure- 
ments being taken at 10 my intervals, The relative amount of light transmitted by each filter 
was then calculated assuming that the stimulating light had an energy distribution corresponding 
to that of Standard Illuminant A. Table 1 shows the dominant wa hs and equivalent 
densities of the filters used in these experiments. 
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When records were made for the dark-adapted eye the animal was kept in the dark for at least 
half an hour before the experiment began. During the actual recording the surrounding illumina- 
tion was always below 0-1 f.c. For light-adaptation the general illumination was that of the room 
with the blinds up and the lights on; it varied 11 to 25 f.c. at the animal's eye (photocell 
readings taken throughout the experiment). The ng lights were not cut off while the records 


‘were made, 
Tasie 1. Calibration of the filters used 


Neutral filters. Nominal density 


Colour filters < 

Amex. log = dh Density in conjunction with colour filters 
622 475 0-9096 1-10 0-64 0-31 
623 «805 0-9091 1-08 0-62 0-31 
624 - $23 0-9498 1-07 0-58 0-30 
625 547 1-083 1-09 0-57 0-30 
626 572 0-8969 . 1-13 0-57 0-30 
603 495 1-226 1-09 0-63 0-31 
604 515 1-083 1-07 0-60 0-30 
605 546 1-144 1-08 0-57 0-30 
606 577 1-368 1:14 0-57 0-30 
607 620 0-8742 1-12 0-54 0-29 
RESULTS 


The structure of the retina. In Pl. 1 a section of the squirrel retina is com- 
pared with the almost pure-rod retina of the rabbit. The rabbit retina is 
typical of the rod-dominated retinae of most laboratory mammals with its 
long-rod outer limbs, thick outer nuclear layer (visual cell nuclei) and relative 
paucity of ganglion cells and optic nerve fibres. In the squirrel, on the other 
hand, the inner nuclear layer is unusually thick while the outer nuclear layer 
is not much wider than the ganglion cell layer. There appear to be two to four 
visual cells to each ganglion cell (and therefore to each optic nerve fibre) 
taking the retina as a whole. In addition, the optic nerve fibre layer is very 
thick and the nerve itself unusually large for a rodent. The nerve head is 
horizontally elongated. These features strongly suggest a pure-cone retina, or 
at least one which is organized for a high visual acuity rather than a high 
sensitivity. The visual cells themselves are rather unusual, and although they 
do not look at all like rods, they do not look like typical cones either. They are 
arranged in two layers, one outside the other. The cells of the inner layer have 
the usual rather fat inner limb and a thinner elongated outer limb which stains 
pink with Feulgen’s method; those of the outer layer have a thin inner portion 
on a level with the inner limbs of the other layer and a fat outer portion hard 
up against the pigment of the pigment epithelium, These two portions may be 
the myoid and inner limb, in which case the outer limb would be buried in 
pigment. There is no ellipsoid or paraboloid in either set of visual cells. There 
is only one type of visual cell nucleus. The pigment epithelium is not like that 
usually seen in mammals. The pigment lies in longish processes outside the 
cells between them and the visual cells. The picture is more like that seen in 
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Fig. 1. Rod-and-cone electroretinograms. A, rabbit: mammalian rod-dominated retina, dark- 
adapted. Note b- and c-waves. There is neither a-wave nor off-effect. Stimulus duration: 
1 sec (Parry, Tansley & Thomson, 1953). B, frog: cold-blooded mixed retina (1) dark- 
adapted, (2) light-adapted. Note the accentuation of the off-effect with light-adaptation. 
Stimulus duration: 2 sec (after Granit & Riddell, 1934), C, squirrel: mammalian cone retina, 
light-adapted. Note the marked a-wave, narrow pointed b-wave and off-effect. Stimulus 
duration: 1 sec, Calibration: 500.V. Taken with Karpe’s machine and « contact glass 
electrode. D, horned toad: cold-blooded cone retina. Note the large off-effect (Chaffee & 
Sutcliffe, 1930). 
38-2 
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certain fish (e.g. Pleuronectes spp.) where the epithelial pigment migrates to 
cover the outer limbs of the rods during light-adaptation (Bayliss, Lythgoe & 
Tansley, 1936). However we found no evidence of pigment movements in 
response to adaptation in the grey squirrel. 

The electroretinogram. The normal light-adapted electroretinogram is shown 
in Fig. 10. This has an a-wave, a b-wave and a marked off-effect. There is no 
c-wave. The threshold was high, about 8 f.c. It only fell by about one log. 
unit, to 0-8 f.c., as a result of dark-adaptation. : 


S$ 


Sensitivity (1/E) as percentage of maximum 


Wavelength in my 


Fig. 2. Spectral sensitivity curve of the squirrel. The points were obtained from four experiments 
and are given as percentages of the mean maximum. @, squirrel 1, dark-adapted; x squirrel 1, 
light-adapted; @ squirrel 2, dark-adapted; +squirrel 2, light-adapted. The curve is Granit’s 
green modulator curve for the cat. Parts of the absorption curves for visual purple and 
iodopsin are shown for comparison. Equal quantum intensity spectrum. 


_ The. spectral sensitivity curve is shown in Fig. 2. This was obtained using 
combinations of colour and neutral filters in the following ways. In one 
experiment the animal was exposed to stimuli of different hue and intensity 
selected at random. In the others the wavelength of the stimulus was changed 
in an orderly fashion from the shortest to the longest and back again through- 
out the spectrum. By this means it was possible to detect any alterations in 
sensitivity which might occur during the experiment. 
The points shown in Fig, 2 represent the stimulus necessary to give a 
minimal response at each wavelength used. They were calculated as shown in 
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Fig. 3. In the experiment illustrated by Fig. 3 every colour filter was used at 

four intensities, at least three records being made at each intensity level. 
For each filter the height of the b-wave was plotted against the total density 
_ of the neutral filters used with it, the lines being drawn through the points 
_by eye. These lines were then extrapolated back to zero to determine the 
neutral density required to give a minimal response for each colour filter. 


This figure, together with that for the density of the colour filter in question 
(see Table 1), can be used to calculate the relative energies necessary for a 


_ threshold response. 


Height of b-wave (arbitrary units) 


—2-0 —1:0 0 
Light intensity 
Fig. 3, Derivation of the sensitivity curve. Each of the six parts of the figure represents the 
relationship between stimulus intensity and the height of the b-wave for a particular colour 
filter. Ordinates: height of b-wave (arbitrary units). Abscissae: density of neutral filter used 
in conjunction with colour filter (Ilford ‘spectrum’ filters). Straight lines placed by eye and 
extrapolated to zero. : 


Of course these values only apply to the light incident on the cornea. The 
squirrel lens is a marked greenish yellow colour and a further correction must 
be applied for its spectral transmission. The data used for this correction were 
obtained for us by Dr Weale (Weale, 1954), and are shown graphically in Fig. 4. 

The light energy (£) needed to evoke a minimal response at a given wave- 


4 length, A, is therefore given by 
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where J, is the intensity of light in the source at Amp, De, the density of the 
colour filter, Dn, the density of the neutral filters required to reduce the 
response to zero and Di, the density of the lens. A, and A, are the wavelength 
limits of the colour-filter transmission. 7 | 
The results of four experiments are plotted together in Fig. 2. For ease of 
comparison the results of each experiment were first plotted separately, the 
heights of the curves being adjusted to give the best possible fit. A mean 
maximum figure was obtained from these curves and the actual values for 
each experiment expressed as a percentage of this maximum. Lastly the 
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Fig. 4. Spectral absorption of the squirrel lens. 


results were plotted for an equal quantum intensity spectrum so as to give 
a direct comparison with the absorption spectra of visual pigments, The curve 
shown in Fig. 2 is that given by Granit for the green modulator of the cat 
(Granit, 1947). 

Of the four experiments represented in Fig. 2 two were done on each animal, 
one during dark-adaptation and the other during light-adaptation. It will be 
seen that there is no difference in the shape of the sensitivity curve or in the 


position of its peak as a result of changing the adaptation status. In other 
words, there is no Purkinje shift. | 


DISCUSSION 

On the histological evidence it is difficult to be quite certain that the grey 
squirrel retina contains only one kind of visual cell and that a cone. Walls 
(1942), for instance, is careful not to commit himself; he says that the retina 
is ‘probably pure-cone’. However, our results definitely support the idea 
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that this is a pure-cone retina almost certainly containing only one kind of 


cone. 

To begin with, the electroretinogram is more like those described in the 

literature as obtained from pure-cone eyes than any other type. The off- 
effect is not so marked but otherwise the record shown in Fig. 1 is typical of 
a pure-cone response. In addition, we have found that the latency of the 
b-wave does not, under most conditions, alter with the stimulus intensity. This 
behaviour is characteristic of the z-wave first described as such by Motokawa 
& Mita (1942), and studied in detail by Schubert & Bornschein (1952), who 
found it to be associated with cone responses. The 2-wave is really the b-wave 
of the cone electroretinogram. Bornschein has also found an z-wave in the 
electroretinogram of the related souslik, Citellus citellus (personal communica- 
tion). In this latter species, which is generally agreed to have an unambiguously 
pure-cone retina (Walls, 1942), we have found an off-effect nearly as big as 
the b-wave, 
__ In its response to light-and dark-adaptation the squirrel eye behaves as 
though it had a cone retina. The threshold is high and only drops to about 
a tenth during dark-adaptation. Also dark-adaptation is very rapid, being 
complete in little more than 10 min. Further, there is no fundamental change 
in the shape of the electroretinogram as a result of adaptation changes such 
as those described by Granit (1933), for mixed retinae both rod dominated (F) 
and cone dominated (J) (see also Fig. 1B). Neither is there any change in — 
shape according to the wavelength of the stimulus as Adrian found in various 
species (1945, 1946). These two points are brought out in Fig. 5 where the 
responses of a dark-adapted eye to two different colours far apart in the 
spectrum are compared with those of the same eye light-adapted. All four 
records are of the same general shape, the only difference being a edi 
depression in the off-effect as a result of dark-adaptation. 

Finally, we have found no sign of a Purkinje shift. This is best seen in 
Fig. 2 where the results of experiments in both dark- and light-adaptation have 
been plotted together. Of course the experimental error is fairly large, but 
there seems no doubt that the results all fit into the same pattern. This curve 
is almost certainly not a threshold sensitivity curve because the electroretino- 
gram is such an insensitive criterion. It can be looked upon as an equal response 
curve. It has been found that whatever the intensity level chosen for the 
stimulus the curve relating stimulus and response is the same for all parts of 
the spectrum (see Fig. 3). This is further evidence that we are dealing with one 
mechanism and one only. 

In Fig. 2 parts of the absorption spectra of visual purple and of iodopsin 
have been plotted for comparison. These curves were taken from Dartnall’s 
nomogram (1953). It seems impossible that the spectral sensitivity of the 
squirrel retina can be owing to the reactions of either of these visual pigments; 
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the curve is far too narrow and in the wrong place. The spectral sensitivity to 
be found in the literature which most nearly describes our results is that given 
_ by Granit (1947) for the green modulator of the cat. It is interesting to note 
that whereas all the narrow sensitivity curves obtained by Granit represented 
the responses of single retinal ganglion cells, our present results were obtained 
from the whole eye. So far the squirrel eye appears to be the only one which 
shows a narrow spectral sensitivity curve when this is measured by means 


Light-adapted 


Blue-green | Orange 


Blue-green | Orange 

Fig. 5. The effect of adaptation and stimulus colour on the electroretinogram. Four records from 
the same animal. The two upper records were taken during light-adaptation (colour filter 
alone); the lower ones during dark-adaptation (colour filter +0-5 neutral density filter). The 
two left-hand records were given by a blue-green (495 my) stimulus; the two right-hand by an 
orange (620 mp) one. There is no fundamental difference between the four records. Traces 
read from right to left. Sweep speed: 500 msec. 


of the electroretinogram. Armington (1954) has recently published a rather 
similar narrow curve for the turtle Pseudomys scripta elegans when dark- 
adapted, but this was obtained from behaviour experiments. He also measured 


the spectral sensitivity of this turtle using the electroretinogram, but by this — 


method his curves were much broader and were compatible with the dominator 
curve given by Granit (1941) for the tortoise Testudo graeca. | 


A narrow curve which fits our results very well indeed has recently been 
obtained by Weale (1955) from the grey squirrel using the method of in vivo 
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bleaching. His observations were made on a number of animals, some of 
which had already been used by us for work on the electroretinogram. The 
agreement between his results and ours, obtained by two totally different 


methods, is very striking and suggests that our sensitivity curve is directly 
determined iad photochemical reactions in the retina. 7 


SUMMARY 


1, The structure of the retina of the grey squirrel is briefly described. It 
appears to be a pure-cone retina. — 

2. Electroretinograms were taken from the squirrel eye under light 
Nembutal anaesthesia both in dark- and light-adaptation. The general shape 
of the records was not affected by the state of adaptation. 

3. The electroretinogram showed a negative a-wave, a positive oyave and 
an off-effect. There was no c-wave. 


4.. The threshold for a response was high and only fell by about 1 log. unit 
as a result of dark-adaptation. 

5. The spectral sensitivity curve was obtained using the amount of light 
energy necessary to evoke a minimal response as the criterion of sensitivity. 

6. The sensitivity curve was narrower than any so far obtained by electro- 
physiological methods on the whole eye. Its maximum lies around 530 mp. 
There is no Purkinje shift. 

7. The relation of this curve to Granit’s green ‘modulator curve for the cat 
and to Weale’s results for in vivo bleaching in the squirrel is discussed. 


We wish to thank Miss C. 8. Rountree for making the histological preparations and for other 
assistance. 
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EXPLANATION OF PLATE 
Comparison of rabbit and squirrel retinae 


_ layers and single row of ganglion cells, Intravital fixation with Zenker’s fixative; Mallory’s 

phosphotungstic acid haematoxylin. x 384. | 

B, squirrel: note the double row of visual cells, wide inner nuclear and optic nerve fibre layers and 
approximately equal widths of outer nuclear and ganglion cell layers. Intravital fixation 
with Kolmer’s fixative; Heidenhain’s iron haematoxylin and phloxine. x 230. 

Key: 1, pigment epithelium; 2, visual cells; 3, outer nuclear layer; 4, outer fibre layer; 5, inner 
nuclear layer; 6, inner fibre layer; 7, ganglion cell layer, 8, optic nerve fibre layer. 
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THE TEMPORAL COURSE OF THE EFFECTS OF POST. 
GANGLIONIC AXOTOMY ON THE INFERIOR 
MESENTERIC GANGLION OF THE CAT 


By G. H. ACHESON anp J. REMOLINA 


From the Department of Pharmacology, University of Cincinnati 
College of Medicine, Cincinnati, Ohio, U.S.A. 


(Received 16 September 1954) 


Some years ago it was observed (Acheson, Lee & Morison, 1942) that cutting 
the phrenic nerve caused, over a period of 3 weeks, a progressive central block 
_ of the transmission of nerve impulses from the respiratory centre to the axons 
of the cut phrenic nerve. At that time a similar phenomenon was noted in the 
inferior mesenteric ganglion: section of the hypogastric nerve caused a pro- 
gressive block of the transmission of preganglionic volleys to the postganglionic 
axons of the cut hypogastric nerve (Acheson, 1952). This phenomenon was 
independently discovered in the same site by Brown, McLennan & Pascoe 
(1952). These authors have aimed their experiments chiefly at the mechanism 
of the block (Brown & Pascoe, 1954; McLennan, 1954). The present paper 
reports experiments in which the temporal course of the phenomenon was 
systematically studied. Campbell, Mark & Gasteiger (1949) and Downman, 
Eccles & McIntyre (1953) have studied a parallel phenomenon which occurs 
in motoneurones when ventral roots have been cut and dorsal root axons are 
stimulated. 
| METHODS 

Cats of either sex weighing from 1-5 to 3-5 kg were anaesthetized by the intraperitoneal injection 
of pentobarbitone sodium (30-40 mg/kg). With aseptic precautions the abdominal cavity was 
opened, and the right hypogastric nerve was sectioned about 3 cm away from its ganglion. The 
left side remained untouched, to be used as a control. In some experiments the colonic nerve from 
the right inferior mesenteric ganglion was also cut; the results to be reported were not different in 
the experiments in which the colonic nerves were cut. The abdominal wall was closed, and the 
animals were allowed to recover. At intervals ranging from 2 to 180 days after the operation, 
under the same kind of anaesthesia the abdominal viscera were removed. A cannula in the 
femoral vein was employed whenever intravenous injection of drugs was necessary. The pre- 
ganglionic trunks of both inferior mesenteric ganglia were dissected and placed together on a single 
pair of silver electrodes for stimulation, while the hypogastric nerves, after dissection, were laid 
separately on two symmetrical pairs of silver recording electrodes (Fig. 1). The responses of the 
two hypogastric nerves to stimulation of the preganglionic trunks by supramaximal rectangular 
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electrical pulses were recorded simultaneously, after suitable amplification, by a double-beam 
cathode-ray oscilloscope, and photographed on film. A coat of petroleum jelly was applied to 
prevent drying of the nerves. By means of additional electrodes, stimuli were applied directly to 
the hypogastric nerves (Fig. 1). In some instances, separate records were obtained from the pre- 
ganglionic trunks of the two sides, near the ganglion. The blood supply of the ganglia was not 
disturbed. 

Because of the variable origin of the blood supply to the ganglia, the technique used for close 
intra-arterial injections of acetylcholine bromide was similar to that of Brown & Pascoe (1954). 
A cannula was placed in the intestinal end of the inferior mesenteric artery, towards the aorta. 
During the injections the aorta was clamped below the lowest branch supplying the ganglia. The 
compound, made up in 0-26 mil. of saline (0-9% NaCl solution), was injected in about 2 sec. The 
injected fluid momentarily replaced the blood in the zone from which the small ganglionic arteries 


4 


| 
Preganglionic Postganglionic Postganglionic 
stimulation _ Stimulation record 


Fig. 1. Diagram of usual arrangements of electrodes on preganglionic and postganglionic trunks 
of the inferior mesenteric ganglia. The lower (right) hypogastric nerve is depicted with 
@ neuroma resulting from section several days earlier; the left nerve has been cut acutely. 
Usually each hypogastric nerve was crushed under the distal recording electrode. 


RESULTS 


The arrangement of electrodes shown in Fig. 1 enabled us to compare the 
action potentials of the right hypogastric nerve, which will hereinafter be 
called the cut or previously cut nerve, with those of the control side, to supra- 
maximal preganglionic stimulation. The records are illustrated in Fig. 2. 
After the stimulus artifact comes a small spike (D, of Lloyd, 1937) due mainly 
to impulses in axons which pass from the preganglionic trunk to the post- 
ganglionic without a synapse. This is rather variable in amplitude from animal 
to animal and, when compared on cut and control sides, was little changed at 
any time after section of the hypogastric nerve. After a longer latency, 
a larger and longer-lasting spike (S,) occurs. This is due almost exclusively to 
impulses in post-synaptic axons, While S, remained fairly constant from 
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animal to animal on the control side, it changed considerably on the previously 

cut side according to the number of days elapsed since the nerve was cut. __ 
_ At short intervals after operation (4 days or less) the responses of the cut 
side are indistinguishable from those of the control side (Fig. 2, I) when the 
frequency of stimulation is low (1 c/s or less), As early as 2 days after opera- 
tion, however, the use of a higher frequency of stimulation (say 10 c/s, which 


Post- 
tetanic 


Fig. 2. Action potentials of previously cut (A) and control (B) hypogastric nerves at different 
intervals after axotomy : 3, 8 and 11 days. Supramaximal preganglionic stimulation, in the top 
row at 1 c/s; in the middle row at 10 c/s; and in the bottom row, with a single shock 5 sec 
after 20 c/s for 5 sec. Vertical calibrations, 50 .V; horizontal calibrations, 25 msec. 


has little effect on S, of the control) brings out a clear difference in the cut 
side; S, quickly becomes smaller (Fig. 2, I1.A). Brown & Pascoe (1954) noted 
a similar phenomenon 3 days after axotomy. As the intervals after operation 
increase, this deficiency increases and is apparent at lower and lower fre- 
quencies of stimulation. After 5 days S, of the cut side is smaller than that of 
the control side even at 1 c/s. The magnitude of S, obtainable under any of 
the conditions which were tried (see below) progressively decreases; at 
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11-14 days only small and qypickly fatiguing responses may be elicited 
(Fig. 2, I). During the 3rd week, practically no 8, is obtained on the cut side 
on preganglionic stimulation, although the S, of the control side remained 
normal, In the 4th week, S, of the cut side begins a slow recovery. In contrast 
to our results, Brown & Pascoe (1954) found almost complete block of trans- 
mission any time between 3 and 12 weeks after axotomy. In all of our experi- 
ments done 28 days or more after axotomy, and in some as early as 21 days, 
inspection indicated that regrowth of the nerve had progressed beyond the gap 
produced by axotomy. | 
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She Days after nerve section 

Fig. 3. Temporal course of the changes in the action potentials of the hypogastric nerve resulting 
from axotomy. Abscissae: days after axotomy. Ordinates for curves A and B: spike height 
of previously cut side as percentage of that of control side; A ( x) supramaximal post- 
ganglionic stimulation (10 c/s); B (A) supramaximal preganglionic stimulation (10 c/s). 
Ordinates for curves C’: height of post-tetanic spike as percentage of that of spike when not 
tetanized; O, previously cut side; @, control side. | 


Some of these events are depicted in curve B of Fig. 3, in which the height 
of S, of the cut side, expressed as per cent of S, of the control side (both 
stimulated at 10 c/s) is plotted against days after the section of the nerve. 
The swelling and retraction which follow section of the nerve interfere to an 
unknown degree with the exact comparison of the two S, spikes. Each point 
on this curve represents a single animal. 

Post-tetanic enhancement. According to Brown & Pascoe (1954) post-tetanic 
enhancement was not increased by axotomy. In our experiments, distinct 
changes in the degree of enhancement could be seen. The interpretation of 
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these results was, however, rendered more difficult by the changes in the size 
of the non-tetanized spike on the cut side at different intervals after axotomy. 
8, of the control side is increased in amplitude by less than 40% when tested 
with a single maximal preganglionic stimulus 5 sec after a 5-sec period of 
stimulation at 20 o/s (Fig. 2, LIT B, and dots in Fig. 3C). On the cut side, the 
percentage increase of S, relative to the non-tetanized S, of this side rises 
progressively during the first 2 weeks after axotomy (Fig. 2, IIIA, and circles 
in Fig. 30). Since, however, the non-tetanized S, is progressively diminishing 
during this period, the post-tetanic S, of the cut side is always less than that 
of the control side. Hence the tetanus increases but little the failing ability of 
the ganglion to transmit the preganglionic volley to the postganglionic axons. 
As the end of the 2nd week approaches, S, of the cut side becomes so small 


_ relative to the noise that its measurement is very inaccurate. During the 


3rd week, little or no response can be obtained even during the post-tetanic 
period. In each of five observations after the 3rd week, post-tetanic enhance- 
ment on the cut side exceeded that on the control side when each was ex- 
pressed as percentage of its resting S, (Fig. 3C). ! 

Eserine. Brown & Pascoe (1954) and McLennan (1954) discussed the 
hypothesis that the block of transmission across the ganglion may result from 
a failure of cholinesterase to destroy the acetylcholine released by pre- 
ganglionic volleys. They stated that eserine did not increase transmission in 
the axotomized ganglion. They also noted that tubocurarine did not increase 
transmission, as would be expected if block were due to an excess of acetyl- 
choline. Our experiments reported in this section and the next confirm and 
extend their findings. In doses of 0-1 and 0-4 mg/kg eserine sulphate injected 
intravenously during supramaximal preganglionic stimulation at 0-5 c/s did 
not affect S, on the control side. On the cut side, these doses decreased S, on 
the 8th and 9th days after axotomy and did not increase the barely recogniz- 
able S, on the 13th, 17th, and 20th days. 

Sensitivity to ganglion-blocking agents. Transmission became tenfold more 
sensitive to block by tetraethylammonium bromide or atropine sulphate at 
the end of the 1st week after axotomy and later showed recovery to normal. 
The following procedure was adopted to test sensitivity. During continuous 
preganglionic stimulation at a frequency of 0-5 c/s, intravenous injections of 
increasing doses of one of these two compounds were made at 5-10 min 
intervals, The initial dose was 0-05 or 0-1 mg/kg, and the other doses used 
were 0:2, 0-5, 1-0, 2, and sometimes 4 mg/kg. _ 

When §, decreased in amplitude after one of these injections, complete 
recovery had not occurred when the next higher dose was given. On the 
control side, 1 or 2 mg/kg of either compound reduced S, to one-third or less 
of its original size. A similar degree of diminution of S, on the previously cut 
side was produced by one half of the dose of tetraethylammonium which 
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blocked the control when tested 3 days after axotomy, and by one-tenth of 
the dose 7 and 8 days after axotomy. Atropine had a similar effect in less than 
one-half of the dose 6 days, and in one-tenth of the dose 8 days after axotomy. 
In experiments after 72 and 100 days, the sensitivity of the axotomized 
ganglion to tetraethylammonium was similar to that of the control. 
Sensitivity to stimulation by intra-arterial acetylcholine. Brown & Pascoe 
(1954) found the axotomized ganglion to be less sensitive than normal but 
still able to give a small response to stimulation by acetylcholine. Fig. 4 
illustrates the responses we obtained on the previously cut (upper records) 


Fig. 4. Responses in hypogastric nerves on injection of acetylcholine into the arteries supplying 
the inferior mesenteric ganglion. Fourteen days after axotomy. Injection marked by signal 
(2-2 sec duration): A, 32 ug in 0-25 ml. of 0-9% NaCl; B, 500 ug in 0-26 ml. In each case, 
upper record is from previously cut side; lower record, control side. Vertical calibration: 
20 pV. 


and control sides (lower records) when acetylcholine was injected intra- 
arterially. Since the spikes are not synchronized, high amplification must be 
used, and the signal-to-noise ratio is small. The following doses were injected 
successively at 2- to 3-min intervals in 0-25 ml.: 7, 30, 125, and 500 yg. On 
the control side, a response was evident with the second dose, greater with the 
third dose, and equally great with the fourth dose. Occasionally the response 
to the fourth dose was smaller than that to the third; in this case, if the 
interval between doses was lengthened, the two responses were of the same 
amplitude. In seven experiments done between 5 and 15 days after axotomy, 
the previously cut side showed progressively diminishing sensitivity to the 
stimulating action of acetylcholine; but with higher doses, the responses were 
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as great as those of the control side, and there was no evidence of block even 
when block occurred on the control side. It should be emphasized that in 


these experiments the response to preganglionic volleys was much reduced 


on the cut side; for example, in the experiment (done 14 days after axotomy) 
illustrated in Fig. 4, no S, could be obtained on supramaximal preganglionic 
stimulation. In experiments in which acetylcholine was injected 18, 21 and 
25 days after axotomy, the decreased sensitivity of the cut side was still 


evident, but now the largest responses which could be obtained were smaller 


than those of the control side. In experiments performed 33, 35 and 48 days 
after axotomy, sensitivity was close to normal but the amplitude of the largest 


_ Tesponses remained less than that on the control side. The ‘very much smaller’ 


responses from axotomized ganglia reported by Brown & Pascoe (1954) 
doubtless correspond to our diminished responses 18 or more days after 
axotomy. Downman et al. (1953) found a situation in spinal motoneurones 
parallel to that described above, in that neurones which could not respond to 
the direct connexions from the afferent trunk could still respond to poly- 


synaptic stimulation. 


Axonal conduction. In two experiments during the 3rd week after axotomy 


(when little or no transganglionic response is obtained), the impulses recorded 


near the ganglia in the preganglionic trunks of the cut side were similar to 
those of the control side. In nineteen experiments the action potentials in 
the central stumps of the previously cut and control hypogastric nerves were 
compared on supramaximal postganglionic stimulation at different intervals 
after axotomy. In the first 15 days after axotomy, the amplitude of the 
C-fibre spikes of the two sides did not differ. These results confirm those of 
Brown & Pascoe (1954). At no time did we find the axons of the cut side to 
show fatigue when stimulated at 10 c/s. In seven of the eight experiments in 
which these studies were done 18 or more days after axotomy, the amplitude 
of the spike on the cut side was about half of that on the control side (curve A 
of Fig. 3). 

This decrease of spike amplitude on the previously cut side could be 
accounted for by one of several hypotheses. (1) It may be an artifact resulting 
from the retraction and oedema of the nerve trunk. Since oedema and retrac- 
tion were as apparent in the week before the 15th day as in the succeeding 
week, however, this explanation does not account for the difference noted in 
these periods. (2) The decreased amplitude may result from a smaller spike 
in each of the previously cut axons. This explanation is not excluded by the 
data available. It implies, however, that axotomy produces a change in the 
response of each fibre which lasts unchanged for at least 180 days, while the 
other results of axotomy disappear from almost all the fibres in less than 
100 days. (3) The decreased spike amplitude on the previously cut side may 


-Tesult from the degeneration of some of the previously cut postganglionic 
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axons. In this case, if spike magnitude per conducting axon remains constant, 
a permanent decline in the amplitude of the action potential would be expected. 
Our results are consistent with this hypothesis and suggest that about. half 
of the axotomized axons degenerate in the 3rd week (curve A of Fig. 3). 
These findings suggest the possibility that some of the axotomized cells may 
die. The progressive failure of the transganglionic response in the first 2 weeks 
after section of the nerve could in this case result partly from the death of cells. 
_ Although the postganglionic trunk does not undergo the change which suggests 
axonal degeneration until the 2-week period is past, the cell bodies might have 
died some days earlier. This would block the transmission of the preganglionic 


volley to the corresponding axons during their period of survival. This hypo- 


thesis was tested in a series of experiments described in the next section. 
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Fig. 5. Temporal course of changes in spike height of directly stimulated C-fibres in peripheral 
stump of hypogastric nerve after section near inferior mesenteric ganglion. Abscissae: days 
after section. Ordinates: spike height. of previously cut side as percentage of that of control 


Temporal course of degeneration of the distal stump after axotomy. In the 
preliminary operation the right hypogastric nerve was cut close to the inferior 
mesenteric ganglion. On a later day the peripheral stump of this nerve was 
dissected for at least 2 cm distal to the cut, excised, and laid in a chamber with 
its proximal end on stimulating electrodes and its distal end on recording 
electrodes. The more distal stimulating electrode was at least 3 mm from the 
cut end, and the conduction distance was usually 6 mm. The action potentials 
in C-fibres elicited by supramaximal stimuli were compared with those of a 
length of hypogastric nerve from the control side. In Fig. 5, the amplitude 
of the former, expressed as percentage of that of the latter, is plotted against 
the time after section. The results indicate that some of the O-fibres fail to 


conduct 24 hr after their section and that few if any function 4 days after 
section. | 
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_ The main purpose of the experiments reported has been to work out the natural 


- period, tetanic stimulation induces a subsequent enhancement of transmission 
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_ Langley & Anderson (1895) noted the absence of the usual responses to 
stimulation of the distal end of the hypogastric nerve in the cat 5 or more days 
after the nerve had been cut. Tuckett (1896) found that the responses of the 
iris to stimulation of the postganglionic branches of the superior cervical 
ganglion of the rabbit required progressively stronger shocks and finally dis- 
appeared when tested at intervals between 19 and 40 hr after section of the 
branches at their emergence from the ganglion. He also noted that the non- 
myelinated fibres of these branches progressively lost their ability to take the 
colour of methylene blue in the same period. Ranson (1912) found the de- 
generation of non-myelinated axons in the peripheral stump of the cut sciatic 
of the dog to occur about twice as rapidly as that of the myelinated fibres. 
The disappearance of function in the latter was reviewed by Rosenblueth 
(1950). 

If the effects of death of the cell body in the ganglion on the survival of its 
axon are the same as those of surgical section of the axon, these data suggest 
that the decrease of the spike of the directly stimulated central stump of the 
postganglionic trunk occurring 15-18 days after axotomy (curve A of Fig. 3) 
represents the degeneration of axons whose cell bodies had died, on the average, 
between 2 and 3 days earlier. Hence little if any of the decline of trans- 
ganglionic response (curve B of Fig. 3) can be attributed to death of cell bodies. 


DISCUSSION 


history of the physiological effects of axotomy as an aid to their correlation 
with the concurrent biochemical and anatomical changes. Accordingly, we 
will first discuss the phenomena we have studied and then consider their 
relation to parallel findings in other sites. 

In the inferior mesenteric ganglion the physiological syndrome initiated by 
axotomy extends over a period of more than 2 months. Beginning 2 days 
after the section, transmission of impulses across the ganglion becomes subject 
to fatigue at progressively lower frequencies of stimulation. Within the next 
3 days, even the rested ganglion becomes unable to transmit a volley of normal 
size to its postganglionic axons, and as the remainder of the first 2 weeks pro- 
ceeds, transmission deteriorates and finally is almost abolished. During this 


which is relatively greater than normal; yet even the enhanced volley is smaller 
than normal. Inhibition of cholinesterase with eserine does not increase the 
transmission. At the same time, the ganglion becomes progressively more 
sensitive to ganglion-blocking agents and less sensitive to the stimulating 
action of acetylcholine. Nevertheless, even at the end of this period the axons 


proximal to the section conduct impulses normally when they are oui 
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directly, and acetylcholine, injected intra-arterially in suitable doses, is still 
able to stimulate the ganglion cells which cannot transmit the preganglionic 
volley. 

Concerning the mechanism of the disappearance of postganglionic responses 
on preganglionic stimulation after axotomy, little can be added to the dis- 
cussion presented by Brown & Pascoe (1954). It is clear that the fatigue and 
block occur in the ganglion rather than in the pre- or postganglionic axons. 
The increased sensitivity to ganglion-blocking agents reported above probably 
represents the mirror image of the decreased sensitivity to injected acetyl- 
choline and speaks, as Brown & Pascoe’s data do, against the hypothesis that 
the failure of transmission results from the disappearance of the ability of the 
ganglion to destroy acetylcholine. Since, despite the diminished sensitivity to 
acetylcholine, something like the usual amount of stimulation of ganglion cells 
may be obtained with high enough doses, even when transmission is abolished, 
the most likely explanation of the ganglionic block is a relative interference 
with the excitatory process initiated in the postganglionic cell body by 
acetylcholine. 

As the climax of the syndrome is reached, in the third week after axotomy, 
a new change comes on. Direct stimulation of the postganglionic trunk pro- 
duces smaller responses. The asynchronous discharge provoked in the ganglion 
cells by acetylcholine also becomes smaller at this time. We have suggested 
that the diminution of response results from the death of about half of the 
axotomized ganglion cells and the consequent degeneration of their axons. 

The recovery of function in the surviving neurones is a slow and steady 
process still evident 72 days after axotomy (Fig. 3). In the experiments con- 
ducted 100 and 180 days after axotomy, the transmitted response was about 
half that of the control side, and the spike of the directly stimulated post- 
_ ganglionic trunk was also about half that of the control; sensitivity to tetra- 
ethylammonium had also returned to normal. We conclude that recovery is 
complete at these intervals, as judged by the functions we have studied. 

_ On the assumption that changes in the magnitude of S, correspond to 
changes in the number of neurones responding to the preganglionic volley, 
curve B of Fig. 3 indicates that, from the 3rd week, when practically none of 
the surviving neurones respond, until the 10th to 14th week, when recovery is 
complete, neurones are recovering one by one. According to this interpreta- 
tion, some neurones recover the ability to respond to the preganglionic volley 
as early as 21 days after axotomy, whereas others do not recover this ability 
until 72-100 days after axotomy. Two findings suggest that cells which regain 
the ability to respond to the preganglionic volley require further time before 
recovery is complete: (1) the persistent increase of post-tetanic enhancement 
seen after the 20th day (curves C of Fig. 3), suggesting that a relatively large 
fraction of the surviving cells are subliminally excited in this period, and 
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(2) persistence of low sensitivity to acetylcholine until 25 days after axotomy 
and return to normal by 33 days. 

_ At the present time no single portion of the temporal course of the effects 
of axotomy in the inferior mesenteric ganglion can be regarded as typical of 
the syndrome as a whole. Those who study the neurones mainly 3 weeks after 
section of their axons are sampling the early part of a slow process of recovery. 
At this time a small fraction of the cells are recovering or have recovered their 
ability to transmit the preganglionic volley, while most of them cannot do this 
and will remain unresponsive to preganglionic volleys for several weeks. 
Perhaps these cells may, for the purposes of morphological or biochemical 
studies, be considered to be in a relatively steady state during the 4th week. 
It would seem profitable to make further studies of the syndrome in its first 
2 weeks, when the most active change is in progress. 

In a wide variety of neurones, axotomy has long been known to produce an 
anatomical syndrome called ‘the axonal reaction’. The earliest changes are in 
some instances visible one day after the section. During a 2-week period the 
Nissl bodies break into smaller and smaller bits and diminish in quantity, the 
nucleus is displaced toward the periphery of the cell, and swelling of the cell 
body occurs. The climax of anatomical change comes in the 3rd week, and then 
alterations previously observed revert to normal over a period of 50-100 days 
(Bodian & Mellors, 1945). The changes in the function of the inferior mesenteric 
ganglion described above parallel this orderly sequence of anatomical events. 
The parallel is more striking than could be observed in the study of the phrenic 
nerve (Acheson et al. 1942), since there the indicator was the periodic, asyn- 
chronous discharge from the respiratory centre, whereas with the ganglion 
synchronized volleys of impulses could be delivered at will via the pre- 
ganglionic fibres. In studying the responses of axotomized spinal moto- 
neurones to afferent volleys, Campbell et al. (1949) and Downman et al. (1953) 
have described changes in the monosynaptic spike which have a similar 
temporal course: progressive diminution (5-13 days), absence (13-30 days), 
and recovery (35-56 days). The inferior mesenteric ganglion differs in that 
transmission begins to show recovery earlier (about 20 days after axotomy; 
Fig. 3B). A difference with respect to the time of complete recovery may also 
exist (motoneurones, 56 days; ganglion, 72-100 days), but the small number 
of experiments performed at these intervals makes this interpretation less 


convincing. 


A more striking difference between the spinal motoneurones and the 
sympathetic ganglion cells is the proposed death of about half of the latter 
about 24 weeks after axotomy. The hypothesis that the ganglion cells die is 
based upon good physiological evidence but needs anatomical confirmation. 


_ Few if any of the axotomized motoneurones of the monkey’s spinal cord die 


(Howe & Mellors, 1945), and the same would appear to be true of most of the 
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sites in which the axonal reaction has been studied in neurones having rather 


heavily myelinated axons. Yet Van Gehuchten (1897) found that many of the 
neurones of the nodose ganglion disappeared when the corresponding vagus 
was cut 2 cm below the ganglion. Moreover, on cutting the nerve trunk just 
distal to the C, dorsal-root ganglion in the rat, Ranson (1909) observed that 
about half of the cells of the ganglion disappeared, the ones which disappeared 
being almost exclusively those which gave rise to non-myelinated axons. When 


he cut the sciatic nerve in the dog, at a distance of several centimetres from — 


the dorsal-root ganglion, however, few of the cells died, but again the cells 
having non-myelinated axons gave evidence of severe axonal reaction (Ranson, 
1912). Since physiological differences exist between dorsal-root C-fibres and 
sympathetic C-fibres (Gasser, 1950), it is safer for the question at hand to rely 
upon evidence in sympathetic ganglia. Unfortunately, anatomical studies of 
the axonal reaction in this tissue have been scanty. After cutting (necessarily 
very close to the ganglion) all the branches of the superior cervical ganglion 
except the cervical sympathetic trunk, Levinsohn (1903) found that most of 
the cells of that ganglion died. De Castro (1932) noted that the reaction of 
autonomic ganglion cells to injury of their axons is very marked. | 

The discovery of physiological effects of axotomy has led to renewed study 
of the axonal reaction in spinal motoneurones (Barr & Hamilton, 1948) and to 
the discovery of parallel changes in certain enzymic activities and other bio- 
logical phenomena in them (Howe & Mellors, 1945; Bodian & Mellors, 1945). 
Chromatolysis is known to occur in autonomic ganglia on postganglionic 
axotomy (De Castro, 1932), but systematic studies of its temporal course or 
of the biochemical changes which may accompany it in this tissue do not 
appear to have been reported. | 


SUMMARY 


1. The right hypogastric nerve was cut 3 or more cm below the inferior 
mesenteric ganglion in the cat. At different intervals after the section of the 
nerve, its action potentials were compared with those of the (left) control. 

2. Two days after axotomy, fatigue of the transganglionic response occurs. 
Thereafter progressive failure of transmission occurs, and at the end of 2 weeks 
almost no transganglionic response can be obtained. 

3. During this period, post-tetanic enhancement increases when it is 
expressed as percentage of the non-tetanized spike on the cut side, but the 
absolute size of the enhanced spike is less than that of the control side. 

4. Hserine decreased the failing transganglionic response on the 8th and 
9th day after axotomy and did not increase the barely recognizable response 
in the 3rd week. 7 

5. The axotomized ganglion is blocked by progressively smaller doses of 
tetraethylammonium or atropine as the lst week after axotomy progresses. 
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6. From the 5th to the 15th day after axotomy, the ganglion requires, for 
stimulation, increasing doses of acetylcholine, injected intra-arterially. Even 
when no transganglionic response can be detected on preganglionic stimu- 
lation, sufficient doses of acetylcholine elicit responses from the axotomized 


_ side which are comparable to those elicited from the control side. 


7. Inthe 3rd week, direct electrical stimulation of the postganglionic seine 
elicits smaller responses, suggesting a disappearance of about half of the 
neurones at this time. At the same time, the asynchronous discharge of 
impulses produced by suitable doses of intra-arterial acetylcholine also 
diminishes. 

8. In additional studies, the isis of conduction in the peripheral stump of 


_ the cut hypogastric nerve was shown to occur within 4 days after the section. 


9. Recovery of function of the ganglion begins in the 3rd week and seems 
complete between 72 and 100 days after axotomy. During this period, the 
individual neurones are presumed to be recovering, one by one, their ability 


to transmit the preganglionic volley. 


This work was supported by a grant from the United Cerebral Palsy Association, New York. 
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A DETAILED STUDY OF THE ELECTRIC POTENTIALS 
RECORDED OVER SOME POSTURAL MUSCLES WHILE 
RELAXED AND STANDING 


By J. JOSEPH, A. NIGHTINGALE anp P. L. WILLIAMS 


From the Departments of Anatomy and Physics, Guy’s Hospital — 
Medical School, London , 


(Received 5 October 1954) 


Adrian & Bronk (1929), using a concentric needle electrode in the triceps 
muscle, stated that ‘when the muscle is completely relaxed the record shows 
no electric changes’. Smith (1934), using a similar technique, found that ‘with 
the arm completely at rest no action potentials are heard in the earphones or 
registered on the recording film’, and Clemmesen (1951), during a discussion 
on the modern concept of muscle tone, stated that ‘muscle fibres at rest do 
not show any potential variations’. Many others (e.g. Lindsley, 1935; Gilson 
& Mills, 1941; Hoefer, 1941; Cuthbert & Denslow, 1945; Jasper & Forde, 1947; 
Bauwens, 1948, 1950; Ralston & Libet, 1953) have also claimed that there are 
no demonstrable electric potentials in their recordings from relaxed muscle. — 
It would appear, however, that these workers have been mainly concerned 
with the form, frequency and amplitude of the potentials accompanying 
various grades of voluntary or reflex contraction. Careful study of their 
recordings shows that the order of amplification, together with the level of 
amplifier noise that was present in their recording apparatus, would prevent 
the demonstration of low amplitude potentials (of the order of a few micro- 
volts) if these had been present. It is also possible that potentials due to 
muscle ‘tone’ were missed for the same reasons. However, Jacobson (1938, 
1943), using a very high amplification with fine wire electrodes inserted into 
the muscle and an integrating neurovoltmeter, claimed to have shown that 
action potentials were absent in muscles when completely relaxed. 

Gépfert (1952), using a circuit capable of high amplification associated with 
a low level of amplifier noise, investigated a wide range of relaxed muscles. 
He reported that in the limb muscles of ‘normal calm persons’ the potentials 
were reduced to the order of a few microvolts. Single or small groups of 
regularly recurring action potentials in the 6-20V (peak to peak) range were — 
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noted, and in the intervening apparently silent areas on the recordings the 
excursions were shown to be distinctly greater than those due to amplifier 
noise alone. He also claimed that neither of these groups of potentials was 
present if recordings were made over a bony prominence such as the tibia or 
patella, and he brought this forward as evidence that the potentials had a 
muscular origin. He believed that some of the larger potentials recorded might 
be due to incomplete relaxation by the subject. He called the more frequently 
occurring low amplitude potentials ‘biological activity’ and assumed this to 
be a manifestation of muscle tone. 

In addition to this problem of the potentials which can be recorded from 
a relaxed muscle, it should be noted that in many of the investigations into 
the postural activity of various muscles, absence of activity has frequently 
been reported. This finding has been criticized on the grounds that the 
amplification used was such that activity was missed. | 

It was therefore decided to investigate the potentials obtained over certai 
postural muscles while relaxed and in a standard posture by means of an 
apparatus with a low noise level, a very high amplification and a carefully 
chosen range of frequencies. — 


MATERIAL AND METHOD 


The amplifier and recording system were similar in outline to that previously described (Joseph & 
Nightingale, 1952). The amplifier noise level referred to the input terminals was reduced to approxi- 
mately 2uV peak to peak (approximately 0-4.V r.m.s.), and the frequency range accommodated 
by the amplifier was altered following measurements on the frequency spectrum of contracting 
muscles (Nightingale, unpublished); the amplifier had constant gain between 20 and 200 o/s, the 
response being reduced to one-half at 4 and 700 c/s. The greatest amplification was adjusted to 
make the amplifier noise clearly visible on the records (Fig. 1), so that signals only slightly greater 
than the noise level in amplitude could be detected and measured. The amplifier and subject were 
enclosed in a screening cage to reduce mains interference. 


10uV 


«100 msec 


Fig. 1. Recording of amplifier noise showing potentials of 2.V or less. 


The two electrodes were silver suction disks 1 cm in diameter and the earth connexion was a 
large saline pad strapped to the subject’s ankle. The skin was prepared by shaving, scraping with 
flour paper (twenty gentle strokes), cleansing with methylated spirits and rubbing with Cambridge 
electrode jelly. 

The subjects used were eleven young adult males aged 18-22 years, In each case a history was 
taken with particular reference to any activity that might have influenced the limb musculature. 
For the purpose of examining relaxed muscle the subject was lying comfortably on a bed with the 
hip and knee joints semi-flexed. To investigate postural activity a symmetrical standing at ease 
position was chosen, which has already been described (Joseph & Nightingale, 1962), and in which 
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the subject stands comfortably with the head erect, the shod feet about 45 em apart and the hands 


lightly clasped behind the back. The muscles investigated were the quadriceps femoris, the ham- 
strings, the tibialis anterior, the gastrocnemius and the soleus, and the electrode positions were 
those described in previous papers (Joseph & Nightingale, 1952, 1954). These positions were 
chosen after investigation as they are the sites which give the clearest picture of the state of 
activity of these particular muscles, However, with the extremely high amplification that was 
used, the possibility of ‘pick up’ from surrounding muscles had constantly to be borne in mind. 
In addition, when considering a large muscle mass such as the quadriceps femoris or the hamstrings, 
absence of postural activity has only been claimed after recording from a number of electrode 
sites along the length and breadth of the muscle, and at the highest amplification. 

Using the highest amplification, recordings were made of amplifier noise with input terminals 
earthed and of a calibration signal of 10V at 50 c/s. The subject was then asked to stand in the 
position described and recordings were taken from the five standard electrode sites, When large 
potentials were seen from any particular site, the amplification was adjusted to allow suitable 
recordings to be made. The actual recordings, although limited in duration to a few seconds, are 
representative of what was seen on the oscilloscope screen which had been observed for periods of 


2-3 min. 


Recordings were then made from the five sites over the relaxed muscle using the highest 
amplification. In addition, recordings were made over the medial surface of the tibia and over the 
patella, Finally recordings were again made of amplifier noise and of a 10uV calibration signal. 

The records of 10V calibration signals at high and low amplification which were taken at the 
beginning and end of each recording session were measured. This allowed any variation in the 
amplifier system to be detected and also made it possible to make direct measurements of the 
amplitude (in 4% V) of any potentials recorded. All potentials were measured peak to peak. 


RESULTS 
Noise level 


The twenty-two records of amplifier noise proved to be almost identical from 
day to day and at the beginning and end of each experiment (Fig. 1). They 
consist of deflexions which, although irregular in frequency and amplitude, 
occur on the average about 300-350/sec and have an amplitude of 0-5-1-5yV. 
Very occasionally the amplitude reached 2-0uV but on no occasion exceeded 
this. 
Relaxed muscle 

Most recordings over a relaxed muscle showed three types of deflexion: 
(1) A ‘background’ which corresponded to amplifier noise (up to 2.V occurring 
about 300-350/sec); this was present in all. (2) Somewhat larger potentials of 
longer duration, 3-5.V occurring on the average about 40-50/sec (Fig. 2.4); 
in seven of the fifty-five muscles, potentials in this category occasionally 
reached 7 uV (Fig. 2B). (3) Deflexions of considerably longer duration, varying 
in amplitude from the smallest detectable to 10 or even 20uV. These were 
found in the majority of the muscles studied, but were excluded from the 
measurements made on the recordings because they were considered to be 
due to polarization potentials at the electrode-skin surfaces for the following 
reasons: (a) they were increased by the slightest perceptible movement of the 


connecting leads or subject, (b) they were reduced by improved cleaning of the 
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skin, (c) they were greatly reduced when ° non-polarizable’ electrodes were 
used (potassium chloride/calomel/mercury), (d) they were found to be present 
when the silver electrodes were simply dipped into concentrated potassium 
chloride solution and under similar conditions were reduced with calomel elec- 
trodes; (e) measurements of the spectrum of the complex wave form by means 
of a wave analyser showed that the higher frequency components corresponding 


to the first two categories had fairly constant amplitudes from time to time ~ 


and over different sites, but that the components below about 20 o/s (cor- 


Fig. 2. Recordings obtained over relaxed muscles. A, potentials of 3-5,.V (forty-eight 
muscles); B, potentials of up to 7nV (seven muscles). 


irregular (Nightingale, unpublished). Consequently only potentials of less than 
’ 20 msec were measured. Gépfert (1952) mentioned this source of interference, 
and in order to minimize it he modified his amplifier so that it had constant 
gain between 100 and 250 c/s. This was done at the expense of rejecting a 
proportion of the potentials important to his investigation. | 


Tibia and patella 
Similar results to those obtained over relaxed muscles were found (Fig. 3 A, B). 


Standing at ease 
In order to avoid repetition, it can be stated that potentials above noise 
level although irregular in duration and amplitude occurred on the average 
about 40—-50/sec. 

Soleus. All subjects showed greater activity than that recorded over relaxed 
muscle and the amplification had usually to be reduced to one-tenth of that 
used for relaxed muscle. Nine subjects showed potentials of 60-100,V peak 
to peak (Fig. 4), one subject showed potentials of 20-30uV, and one subject 
showed potentials of 10-154V. Observations of the oscilloscope screen for 
periods of 2-3 min showed that this activity was continuous and, although 
varying in amplitude, was not intermittent. | 
Gastrocnemius. Activity was recorded in the majority of subjects, but in 
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. general the potentials were of lower amplitude than those over soleus. Seven 
| } subjects showed potentials of 30-50uV (Fig. 5), two showed potentials of 
| 10-15,V, and two showed no greater activity than that recorded from relaxed 


400 msec 
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Fig. 3. ing obtai over bony inences. A, tibia; B, # 


100 nV 


100 nV 


Fig. 5. Typical recording obtained over gastrocnemius muscle in the stand-at-ease position. 
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Fig. 6, Typical recording obtained over tibialis anterior muscle in the stand- 
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muscle, As in the case of the soleus muscle, this activity, when present, was i 
continuous and not intermittent. | 

Tibialis anterior. One of the subjects showed no greater activity than 
relaxed muscle. Ten subjects produced almost identical recordings (Fig. 6)— 
superimposed upon the background of amplifier noise were potentials of 
8-15 
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Fig. 4. Typical recording obtained over soleus muscle in the stand-at-ease position. 9 
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Quadriceps femoris. In each of the eleven subjects the records were similar 
to those from relaxed muscle. 

Hamstrings. In eight of the subjects there was no demonstrable postural 
activity. Two subjects showed potentials of 104V and-one subject showed 


marked activity with potentials of 80-100,V. These results are summarized — 


in Table 1. 


Taste 1, Number of recordings obtained from (a) amplifier, (b) relaxed muscles, (c) bone, (d) leg | 


and thigh muscles while standing at ease, in eleven subjects 


Maximum potentials (uV) ... 2 5 7 15 30 50 100 
Source: 
(a) Amplifier noise apr ae. 0 0 0 0 0 
(b) Relaxed muscles 0 48 7 0 0 0 0 
(five in each 
subject) 


» mes and patella 0 19 3 0 0 0 0 

( tanding at ease 

0 0 0 1 0 9 
Gastrocnemius 0 1 1 2 ‘- 7 0 
Tibialis anterior 0 0 1 10 0 0 0 
Quadriceps 0 8 3 0 0 QO 0 
Hamstrings 0 6 2 2 0 0 1 

DISCUSSION 


It has been shown that over five relaxed muscles in the lower limb in each of 
eleven subjects, potentials of up to 7 nV occurring about 40—50/sec are recorded 
in addition to the potentials of up to 2.V occurring about 300-350/sec which 
are due to the noise level of the apparatus. This is the same level of ‘activity’ 
as is obtained over the bony surface of the tibia and over the patella. These 
results differ from those obtained by Gépfert (1952) in that he found single 
action potentials of about 20uV (measured peak to peak) occurring 8-12/sec. 
In addition, his records over relaxed muscles showed potentials greater than 
those obtained over bony prominences. It is suggested that the larger 
_ potentials recorded in Gépfert’s investigation are due to incomplete relaxation 
of the muscles studied. His failure to obtain increased potentials over bone as 
compared with noise level cannot be accounted for. 

What is the source of the potentials of about 54V amplitude recorded over 
relaxed muscle both in the present investigation and by Gépfert? Since he did 
not obtain them over bony prominences, Gépfert suggested that they are due 
to motor unit activity. On the other hand, since in the present investigation 
these potentials were obtained over bone, it appears that Gépfert’s argument 
is invalid. These potentials are not regarded as a manifestation of motor unit 
activity because contraction of the fibres of one or more motor units would 
produce more marked potentials from some of the fifty-five muscles investi- 
gated (five muscles in each of eleven subjects) and even the smallest voluntary 
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contraction of any of the muscles investigated produced potentials much 


greater than 

These electrical fluctuations may be due to the ‘miniature end-plate 
potentials” described by Fatt & Katz (1950, 1952). Other possible sources are 
the irregular flow of ions through vessels and the thermal agitation of electrons 
and ions giving rise to phenomena similar to the ‘thermal noise’ in resistors 
and the ‘flicker’ effects in valves. An attempt is being made to determine 
whether any or some of these sources could be responsible, but no conclusions 
can yet be drawn. | 
_ If, as is claimed in this paper, no evidence of motor unit activity in relaxed 
muscles can be found even with a very high degree of amplification, it suggests 
_ that ‘tone’, which is said to be present in relaxed muscles, is not due to a small 
number of motor units ‘firing off’ in a rotatory manner. Ralston & Libet 
(1953), in their review of the literature on ‘tonus in skeletal muscles’, came to 
the same conclusion. In the past, difficulty has been found in defining ‘tone’ 
(Cobb & Wolff, 1932), and although there are differences between a muscle 
with an intact nerve supply and a denervated muscle, these are apparently 
not owing to the ‘tonic’ contraction of motor units present in the former and 
absent in the latter. 

The observations on postural activity confirm and extend earlier work 
(Joseph & Nightingale, 1952, 1954). There appears to be continuous activity 
in the calf muscles in almost all the subjects, and this can be expected since 
the line of body weight falls in front of the ankle joints. There is some variation 
in the amplitude of the potentials recorded, but the intermittent type of 


activity described by some workers (Floyd & Silver, 1950; Smith 1954) has not — 


been observed. It is suggested that the apparently intermittent activity 


described by Smith (1954) is due to the posture of his subjects and the low 


amplification used in his recordings. The majority of his subjects were investi- 
gated in an asymmetrical standing posture. In the present investigation, 
Smith’s experiments were repeated, using the same posture and electrode site 
for the soleus muscle and, although fluctuations of potential amplitude were 
seen, activity was still persistent. It is certain that if he had used a much 
higher level of amplification his recordings would have revealed continuous 
potentials. 

It is thought that the tibialis anterior muscle does not exhibit any postural 
activity in the position described, and that the low amplitude potentials 
obtained from over that muscle are an example of ‘pick up’ from the soleus 
muscle and are only detected when an extremely high amplification is used. 
It is of interest in this connexion that the subject showing relatively low soleus 
potentials was the same subject who exhibited no greater activity than relaxed 
muscle with the electrodes over the tibialis anterior. In addition, it can be 
shown that any movement increasing the potentials from the soleus muscle, 
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e.g. voluntary plantar flexion of the foot against resistance, or swaying forwards 
in the stand-at-ease position, results in an increased amplitude of the potentials 
recorded over tibialis anterior. 

In the majority of cases, the flexor and extensor groups of thigh muscles 
showed no postural activity, thus confirming previous findings (Joseph & 
Nightingale, 1954). 

SUMMARY 

1. Many workers have reported that potentials cannot be recorded from 
relaxed limb muscles and from some of the muscles of the leg and thigh in the 
upright position. Their results may have been due to potentials being 
missed by the apparatus used. 

2. By means of an apparatus capable of very high amplification and with 
a noise level producing potentials of 2.V occurring on the average 300-—400/sec, 
it can be shown that potentials of about 5V peak to peak occurring 40—-50/sec 
can be picked up over relaxed muscles in the lower limb (soleus, gastrocnemius, 
tibialis anterior, quadrieps femoris, hamstrings) and over the patella and tibia. 
These potentials are not regarded as being due to motor unit activity, and 
their possible source is discussed. 

3. In the stand-at-ease position previous findings have been confirmed, 
namely that the calf muscles are continuously contracted, but the tibialis 
anterior and the front and back thigh muscles do not show postural activity. 
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From the Department of Pharmacology and the Nuffield Institute for 
Medical Research, University of Oxford 


(Received 4 October 1954) 


The effect of DNP in increasing the oxygen consumption of whole animals and 
of isolated tissues is well known. Recently, Barnes & Duff (1954) described the 
action of DNP on mammalian striated muscle. They found that a contracture 
developed at a rate which was proportional to the concentration of DNP. This 
contracture was followed by relaxation while the DNP was still present. 
During the contracture the muscle became inexcitable to indirect electrical 
stimulation. Barnes & Duff (personal communication) also found that in some 
types of smooth muscle DNP produced contracture followed by relaxation, but 


that other types reacted differently. Generally, smooth muscle was leas sensi- 


— tive to DNP than striated muscle. 
In the work to be described the effect of DNP on smooth muscle was studied, 
using methods with which it was possible to observe simultaneously the 


mechanical activity, the rate of oxygen consumption and the companion of = 


adenosine triphosphate (ATP). 
METHODS 


Guinea-pigs were used. They were killed by a blow on the neck and bled out. The whole of the 
anterior and posterior taenia coli was dissected. Their length in situ was 30-35 cm and their weight 
varied from 277 to 458 mg. One piece of taenia was used immediately for the estimation of ATP. 
A second piece of about 2 cm was used to determine oxygen consumption. The remaining taenia 
was divided into several pieces of similar size. They were suspended together in an isolated organ 
bath and attached to an isometric lever. They were treated, as far as possible, in the same way as 
the sample used for the determination of the oxygen consumption. At different times during the 
experiment they were, one by one, removed to determine the ATP concentration. The experiments 
were carried out in the following way: the preparation was exposed to increasing concentrations 
of DNP for periods of 40 min, after which the bathing solution was replaced by normal solution 
and 40 min was allowed for recovery. 

The bathing solution was of the following composition. To 1 1. distilled H,O were added 7°8 ¢ 
NaCl, 0-35 g KCl, 0-165 g NaH,PO,, and 1-37 g NaHCO,. When this solution had been saturated 
with a gas mixture of 95% O, and 5% CO,, 1-4 ml. of a 20% CaCl, solution, 1-0 ml. 1% MgCl, 
polation end 1-4 g dextrose were added. The pH was 7-4. 
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Recording of mechanical activity. Tension was recorded with an isometric lever on a smoked drum. 
In order to estimate changes in ‘active tension’ the residual tension which remained during the 
greatest depression of the muscle in the presence of the highest concentration of DNP was sub- 
tracted from the total tension recorded at the beginning of the experiment. By taking this 
value = 100 the changes observed were calculated as percentages, as recorded in Fig. 7. 

Measurement of oxygen consumption. A piece of taenia, varying in weight from 15 to 30 mg and 
in length from 2-0 to 4-0 cm, was inserted in a respirometer as described in detail by Biilbring 
(1953). The oxygen tension in the solution bathing the muscle was measured with the polaro- 
graphic method devised by Davies & Brink (1942) using an oxygen cathode which was inserted 
into the respirometer alongside the muscle. The rate of oxygen uptake was determined with the 
intermittent flow method (Larrabee, Ramos & Bilbring, 1952). In this method the flow of fully 
oxygenated solution bathing the muscle is stopped at regular time intervals for constant periods. 
During these periods the tissue consumes oxygen from the solution and, consequently, a drop of 
current flowing between the oxygen cathode and an indifferent anode is recorded. The rate of this 
drop is proportional to the rate of decline in oxygen concentration in the solution. Thus in Figs. 4-6 
the ‘relative oxygen consumption’ is expressed as the drop in current per unit of time. 

Estimation of ATP. The method was adapted from that described by Strehler & Totter (1954). 
The piece of taenia was rapidly blotted, weighed and. dropped into a small centrifuge tube con- 
taining 1 ml. of boiling 0-1 m-sodium arsenate buffer pH 7-5. After boiling for 5 min the taenia was 
homogenized in the tube in which it had been boiled. The homogenate was boiled for 2 min more, 
cooled and frozen at —10° C until all the samples had been brought to this stage. Then the homo- 
genates were thawed and centrifuged. The concentrations of ATP in thé clear supernatants were 
determined by comparing their effects in eliciting luminescence in firefly extracts with the lumines- 
cence produced by known concentrations of ATP. Luminescence was measured by means 
of a photo-multiplier tube (RCA 913 A) with a current amplifier {x 10) and a galvanometer 
(200 mm/pA). Control experiments showed that ATP was not significantly broken down under 
the conditions used for extracting it from the taenia. | 

The ATP used as standard was a commercial sample prepared by the Zellstofffabrik Waldhof, 
Wiesbaden, Germany. It was standardized by using the hexokinase reaction. 

In the earlier experiments, the concentrations of inorganic phosphate and of easily hydrolysable 


phosphate (7 min at 100° C) were determined in trichloroacetic acid extracts of the taenia by the ; 


method of Berenblum & Chain (1938). 


Mechanical activity. The taenia coli usually displayed a spontaneous rhythm 
of contractions and relaxations, The lowest concentration of DNP used was 
3x10-* m. It had no visible effect on spontaneous activity. However, the 
mean tension was slightly raised. Concentrations up to 3 x 10-* m increased 
the mean tension as well as the spontaneous activity as shown in Fig. 1a. But, 
as the concentration of DNP was further increased, the tension declined 
(Fig. 16). Complete depression was preceded by a short period of contracture 
which is shown in Fig. 2. This was usually seen with concentrations of 1 x 10-*m 
or 2x 10-* mu. However, while these concentrations were still present, after a 
period of complete inactivity, spontaneous contractions frequently began 
again. This activity was of a new type; the contractions were smaller and more 
frequent than before (Fig. 3a). Even with the highest concentrations used 
(3 x 10-8 m) the spontaneous activity was seen to persist for some time. Occa- 
sionally, as shown in Fig. 3b, the high frequency activity was seen superimposed 


on the otherwise normal rhythm. 
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Fig. 1. Taenia coli of the guinea-pig. Record of mechanical activity increased by DNP. 
In (a) some increase of mean tension, in (6) a decrease is shown. 


Fig. 2. Taenia coli. Contracture caused by DNP 10-* m followed by relaxation. 
Note resumption of activity while DNP is still present. 


Fig. 3. Taenia coli. Small and frequent activity observed only in the presence of DNP, 
(a) after a period of inactivity, (b) superimposed on normal rhythm. 
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When the DNP solution was replaced by normal solution spontaneous 
activity always returned. The rate of recovery depended on the concentration 
of DNP which had been applied. In one experiment the taenia was exposed to 
3x 10-*m-DNP for 16 hr. Even after this long period it resumed spontaneous 
activity in normal solution. | 

When the average tension produced by the taenia was taken as =100 the 
change brought about by different concentrations of DNP could be calculated 
as a percentage. The first column of Table 1 shows the percentage changes 
recorded when a steady state had been reached. This was usually after 30-40 min. 
It will be seen that low concentrations of DNP caused some increase in mean 
tension, while concentrations greater than 4 x 10-5 m caused a decrease. 

Oxygen consumption. The mean rate of oxygen uptake by different prepara- 
tions was 440 mm* O,/g/hr (range 180-673). The lowest concentration of DNP 
used (3 x 10-* Mm) caused a small increase in the rate of oxygen consumption of 
the taenia (Fig. 4). As the DNP concentration was increased to 1 x, 2x and 
3 x 10-° m (Figs. 5, 6) the oxygen consumption increased and settled at a higher 
rate which was proportional to the concentration of DNP. When the DNP was 
removed the oxygen consumption fell again to the normal rate. 

With DNP concentrations greater than 3x 10-5 m, the picture changed. 
Initially, the oxygen consumption increased, even up to 3 times the normal 
rate, but then it decreased and settled at a new, lower rate. The period before 
the decrease began and the new rate were both inversely proportional to the 
concentration of DNP. With the highest concentrations of DNP, the initial 
increases in oxygen uptake were very brief indeed, and the final rates were 
much smaller than the normal rate. For example, in Expt. D, in the presence 
of DNP 3 x 10-* m the decrease to a third of the normal rate was preceded by 
a brief period during which the normal rate was doubled. Fig. 4 illustrates the 
course of one experiment. The lowest concentration of DNP increased oxygen 
uptake only slightly; a higher concentration increased it to 3 times the normal 
rate, while a still higher concentration produced a brief initial increase followed 
by depression. 

When the rate of oxygen consumption was decreased by DNP, replacement 
by normal solution produced an outburst of oxygen consumption before the 
rate returned to normal. The magnitude of this outburst was the greater the 
more the oxygen uptake had been depressed by DNP. An example is shown 
in Fig. 5. The points at which the solution of DNP was replaced by normal 
solution are indicated by arrows. 10-5 m-DNP raised the rate of oxygen con- 
sumption, but there was no further increase when the DNP was washed out. 
2 x 10-5 m-DNP more than doubled the oxygen uptake; yet on washing out the 
rate increased a little more. In the presence of 4x 10-° m-DNP the oxygen 
consumption steadied at a lower rate and on washing out the increase was 
larger. With 2 x 10-4 m-DNP the rate of oxygen uptake was further depressed 
and the increase on recovery was still greater. 
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‘Fig. 4. Changes in tension (broken line), oxygen ieee (continuous line), and ATP 
content (solid circles) caused by DNP plotted against time. For description see text. 
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Fig. 5, Record as Fig. 4. Note increasing outbursts of oxygen uptake on washing out DNP 
(indicated by arrows). For further description see text, 
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_ Fig, 6 illustrates the observation that the tension rose concomitantly with 
the oxygen uptake as soon as DNP came in contact with the muscle. However, 
the tension did not rise during the outburst of oxygen consumption observed 
on washing out. 

For the calculation of percentage changes in the rate of oxygen. consumption 
caused by DNP the initial rise was disregarded and the final steady rate, usually 
attained after 30-40 min, was used. The second column of Table 1 shows that 
the greatest increase in oxygen consumption was produced by 3 to 4 x 10-5 m- 


DNP. The rate did not fall significantly below normal until the DNP concentra- 
tion was greater than 3 x 10-* m. 


BAI | g 
416 
414 
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Minutes 30 60 90 120 150 180 210 240 270 300 
DNP DNP DNP 
10% 10°*m 
Fig. 6. Record as Fig. 4. Note concomitant changes of tension and oxygen consumption 
in the presence of DNP, but dissociation during recovery. 


At the point where the maximum in the mean oxygen consumption was 
passed the tension began to fall below normal, and at the point where the 
oxygen consumption fell below normal, the tension was very small or zero. 

Concentration of ATP. The concentration of ATP in taenia freshly removed 
_ from the guinea-pig varied from 900 to 1400 g/g wet weight. The concentra- 
tion of ATP in taenia which were kept in well-oxygenated Krebs’s solution for 
several hours was not significantly different from that found in the fresh tissue. 

In the third column of Table 1, the percentage changes in ATP concentra- 
tion caused by DNP are recorded. The ATP content was determined after 
40 min exposure to DNP and therefore corresponded to the steady states at 
which tension and oxygen consumption were recorded. In Figs. 4-6 the ATP 
concentrations are indicated as black circles. 
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The results of Expt. A were different from later experiments. In Expt. A 


the piece of taenia was at a much higher tension and it may have been over- 


stretched. Not only its oxygen consumption but also its ATP concentration 
was low. 

In DNP concentrations of 4 x 10-* m or less the ATP content of the muscle, 
with one exception, did not alter significantly. Higher concentrations led to 
a decrease. The first reduction of tension and ATP was produced by the same 
concentration of DNP for both. Even in the highest concentrations of DNP 


the ATP did not disappear altogether. 


TaBLE 1. Changes produced by DNP at the end of 40 min exposure (control figures = 100) 


(1) Tension (2) Oxygen as" (3) ATP content 

DNP 

3xl0*m — — — 125 — 123 — — — — 108 — 185 — — — — 18 — 110 — 
1x10*mu 113 — 160 — 1038 — — 174 — 196 — 158 — — — 67 — 1038 — — 
2x1l0*u — — — — — — — — 0 —2165 — — — — 1080 — 
4x10*mu 123 — — — 2% — 1038 2822 — — — 158 — 2009 6 — — — 107 — 4 
8xl0'u 600 — — — 61 214 — — — — 147 42 
Ixl0*m — — 18 —- — — 106 92 99 4—-— — 
2x10*m 37 10 — — 200 — — 1380 — — — — — 42 - 


* Determined by the 7 min-phosphate method. 


When normal solution replaced the solution containing DNP the ATP con- 
tent increased rapidly. In one experiment, after 20 min, it rose from 76 to 92% 


of normal, and in two others, after 40 min, it rose from 10 to 81 and from 42 to 
93% of normal, respectively. 


DISCUSSION 


The observations recorded in this paper suggest that DNP is a useful tool in 
the study of smooth muscle since the effect it produced, even when the highest 
concentrations were applied for many hours, was reversible. 

Our results are summarized in Fig. 7. The averages of the percentage changes 
are plotted against concentrations of DNP. Below a critical concentration of 
DNP, 3 x 10-* , there is no decrease in tension or ATP concentration although 
the oxygen consumption rises, At the critical concentration the oxygen con- 


sumption passes through a maximum. With higher concentrations both tension 
and ATP concentration fall below normal. 


In the present state of knowledge it is possible to interpret the effects — 


obtained with DNP concentrations greater than 3 x 10-5 m as follows: first, it 
has been known since the work of Loomis & Lipmann (1948) that DNP 
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interferes with the formation of ATP, and we found that the ATP concentra- 
tion fell. Secondly, ATP is believed to be a key substance in the development 
of tension in muscle. Thus, the fall in ATP concentration may account for the 
observed decrease in tension. Thirdly, it has been shown (Bilbring, 1953) that 
the oxygen consumption of smooth muscle is proportional to the tension, and 


we found that the fall in tension was accompanied by a decreased rate of 
oxygen uptake. 


% 
200 


100) 


x 
DNP DNP DNP DNP DNP 
3x10%m 1x10%m 1x10°m 


Fig. 7. Changes produced by increasing concentrations of DNP (abscissae) on tension ( x —-— x ), 
oxygen consumption (@———-@) and ATP concentration (O---O) (ordinates) in the taenia 
coli. Normal = 100. 

The effects obtained with DNP concentrations smaller than 3 x 10-5 m may 
be considered in the following way: it is well known that oxygen consumption 
of carefully isolated surviving mitochondria can be greatly increased when 
phosphate-acceptor systems are added. It has been postulated that the rate of 
cellular respiration depends upon the relative rates of build-up and breakdown 
of ATP in ‘phosphate cycles’ and that DNP has the effect of increasing the 
concentration of phosphate-acceptor, thereby raising the rate of oxygen up- 
take (for references see Hunter, 1951; Anfinsen & Kielley, 1954). 

We suggest that low concentrations of DNP lead to a faster rate of ATP 
turnover without net loss of ATP, and that this is the situation in smooth 
muscle with concentrations of DNP up to 3x 10~ m. This concentration of 
DNP raises the oxygen consumption to a maximum and the turnover of ATP 
may be fastest while the net concentration of ATP still remains normal. With 
higher concentrations of DNP the rate of oxygen consumption declines and the 
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concentration of ATP also declines, the rate of breakdown exceeding the rate 
of synthesis. 
The tension and spontaneous activity of the taenia were actually increased 


by low concentrations of DNP. This suggests that the tension depends not 
only upon the net amount of ATP in the tissue but also upon the rate of turn- : 


over of ATP. | 
In this connexion it might be significant that during recovery from DNP, 
tone and activity return only gradually while the oxygen consumption rises 


rapidly above the normal rate. This increase is the greater the more the oxygen _ 


consumption had previously been depressed. 

One of us (unpublished results) has found that the concentration of DNP 
which was critical in the case of taenia coli has an effect on the histamine con- 
traction of the isolated ileum of the guinea-pig which higher or lower concentra- 
tions do not have. In 3-5 x 10-5 m-DNP the ileum loses the ability to respond 
to histamine with a sustained contraction. The immediate rapid component of 
the contraction is as great as in the absence of DNP. West, Hadden & Farah 
(1951) have found that the response of the isolated intestine of the rabbit to 
acetylcholine is affected in a similar manner by anoxia and cyanide. These 
findings suggest that the contractions of smooth muscle consist of two com- 
ponents, a rapid phase and a slow phase; and that it is only the slow com- 
ponent which requires a completely normal supply of metabolic energy. This 
will be further investigated. _ 


| SUMMARY 

1. The isolated taenia coli of the guinea-pig was used to determine the 
effect of DNP on tension, oxygen consumption and ATP concentration in 
smooth muscle. DNP was used in concentrations ranging from 3 x 10-* m to 
M. 

2. Low concentrations of DNP increased tension and spontaneous activity. 
Higher concentrations at first increased and, when left in contact with the 
tissue, decreased tension and spontaneous movements. The highest concen- 
trations abolished the movements at first, but after a period of inactivity 
smaller, more rapid movements often supervened. When the DNP was 
removed, even after 16 hr, the muscle resumed its tension and spontaneous 
activity. 

3. Low concentrations of DNP increased the rate of oxygen consumption. 
With successively higher concentrations this increase also occurred but gave 
way, more and more rapidly, to a depression of oxygen uptake. This was, 
however, not reduced to zero but remained at a steady low rate. When, after 
mov the ice was removed the oxygen consumption returned to normal. 
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4. The concentration of ATP in the taenia coli varied from 900 to 1400 yg/g 
wet weight. In most experiments the concentration of ATP was not signifi- 
cantly altered by 3x 10-® m-DNP or less. In higher concentrations of DNP 
the ATP concentration decreased with the decrease in tension. 


We wish to thank Mr M. Ritchings, Mr 0. B. Saxby and Dr D. Wyatt for constructing the 
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CHANGES IN THE DISCHARGE FROM A MUSCLE SPINDLE 
PRODUCED BY ELECTROTONUS IN THE SENSORY NERVE 


By CHARLES EDWARDS* 
From the Department of Biophysics, University College London 


(Received 1 December 1954) 


It was shown by Katz (19505) that elongation of the muscle spindle causes a 
depolarization of the sensory nerve ending, and thereby elicits a repetitive 
afferent discharge. It should therefore be possible to influence the frequency 
of the sensory impulses by raising or lowering electrotonically the membrane 
potential of the nerve terminals. In fact, Matthews (1931) observed that the 
impulse rate. was modified when a steady current flowed through the muscle, 
but the direction of the change of polarization of the nerve ending was not 
determined. In the present experiments, the polarizing current was applied 
to the terminal portion of the sensory axon so that the direction of the electro- 
tonic change was known. es 


METHODS 


The preparation was the M. extensor longus dig. [IV of English Rana temporaria as used by Katz 
(19504, b). The nerve supply was reduced to a single sensory axon, going to a single sensory ending 
(this was verified histologically for some preparations). The muscle was mounted in Ringer at an 
oil/Ringer interface, with the nerve fibre lifted into the oil (Fig. 1). Two electrodes, consisting of 
chlorided silver wires connected through glass tubing filled with Agar-Ringer, were used; one was 
placed on the nerve, the other was in the Ringer bath. In some experiments, the preparation was 
drawn wholly into the oil and the electrodes were placed on the nerve and the fixed end of the 
muscle. This made no significant difference. 

The same electrodes were used to pass the polarizing current and to record the impulses. The 
polarizing circuit consisted of a battery, potentiometer, a resistance-capacity element with a time 
constant of about 25 msec to slow the rise of the current and so avoid direct stimulation of the 
muscle, and a 4-7 MQ) series resistor to swamp resistance changes in the preparation. The polarizing 
current was monitored by a direct-coupled amplifier. For recording the nerve impulses the elec- 
trodes were connected to an amplifier through a high-pass filter in order to minimize artifacts due 
bei polarizing voltage. The shape of the impulses was not important for a study of the impulse 

uency. 

Threads were tied around the tendons of the muscle. One was clamped in a ruling pen; the 
other attached to a lever which in turn was operated by relay whose movements could be recorded 
by a differential photocell. 


* Fellow of the National Foundation for Infantile Paralysis. 
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RESULTS | 
With the arrangement’ shown in Fig. 1, by far the largest resistance of the 
system was that in the isolated stretch of sensory axon. The current which 
enters, or leaves, the axon at its point of emergence from the muscle (or the 
bath) spreads electrotonically towards the sensory ending. Thus a ‘descending’ 
current, with the cathode on the muscle (or in the bath) and the anode on the 


To relay 
and lever 


SS 


Fig. 1. Electrode arrangement and circuit diagram. M, M. extensor longus dig. IV; 
N3, isolated sensory nerves; NV, peroneal nerve. 


nerve trunk tends to depolarize the ending; an opposite current increases the 
level of polarization of the ending. In the first case the rate of discharge was 
increased, and it was decreased in the second (Fig. 2). The effects increased with 
the strength of the applied current. 

The range of current which could be used was limited by the fact that 
electrotonic blockage tended to occur at the point of current entry into the 
axon before a maximal electrotonic effect could be attained at the nerve 
terminals, This was more serious with descending than with ascending currents 
because of the rectifying properties of the nerve membrane (Biedermann, 
1898; Cole & Baker, 1941). This reduces the electrotonic space constant in the 
_ cathodic region and so even further restricts the effect which can be produced 


a 
¥ 2 
47MN. 
0-001 7 
pF pF 0-003 uF 
= 68 kf a 
1 
— 
- 
bee 
a 
4 
id 
4 
> 


638 CHARLES EDWARDS 


at a distance. It was therefore never possible to drive the spindle catelectro- 
tonically at a very high rate, and the greatest observed cathodic increment in 
the frequency of impulses was about 25 impulses/sec. The difficulties were not 
as marked during anodic polarization. Thus the high initial frequencies found 
during a stretch (up to 200/sec) could easily be decreased by anodic polariza- 
tion by as much as 50/sec. : 


Fig. 2. Double-beam oscilloscope records illustrating strength of current and effect of polarization 
of sensory nerve endings on the discharge from a muscle spindle. Record 1: cathodic, relative 
current =2. Record 2: cathodic, relative current =1. Record 3: anodic, relative current = 1. 
Record 4: anodic, relative current =2. (Spikes retouched by author.) 


To study the relation between the rate of discharge and the strength of the 
current, the following procedure was adopted. The muscle was fixed at a 
length about 20% shorter than measured im situ, and then stretched to about 
this length. The afferent discharge elicited by the stretch declines rapidly in the 
first 2 sec and then more slowly (Matthews, 1931). A current pulse lasting 
3 sec was applied at about 4 sec after the start of the stretch. The average 
frequencies of impulses during periods of about 0-4 sec were measured and 
plotted as a function of time. A straight line was drawn between the mean of 
the two frequency values before the current was applied and the mean of two 
values measured starting about 1 sec after the current ceased. This last delay 
was chosen because of a ‘rebound’ occurring during the first second after the 
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cessation of the current, i.e. a short period of increased frequency after an 
anodic depolarization and a period of decreased frequency after a cathodic 
pulse. The area between the straight line and the actual frequency curve was 
measured and the average amplitude was found for the duration of the pulse. 
In this way, @ measure was obtained of the difference between the interpolated 
frequency (the straight line) and the actual frequency. It should be noted 
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Fig. 3. Effect of strength of current on the sensory discharge. 


= 


_ that the difference in the case of no applied current was not zero, because the 


actual decline of the frequency did not proceed at a constant rate, and there- 
fore diverged from the linear interpolation used. The frequency differences 
were corrected for this. ; 

Fig. 3 shows this frequency difference as a function of the current strength 
for one preparation. The figure shows that, as might be expected from the 
known rectifying properties of the nerve, the anelectrotonic effect was greater 
than the catelectrotonic. The shape of this relation varied in different prepara- 
tions, depending presumably on differences in the distance and the electro- 
tonic decrement between the point of nerve entry into the musole and the 


_ herve endings in the spindle. 


DISCUSSION 


- These observations are in general agreement with the view (Katz, 1950) that 


the sensory discharge from a muscle spindle is controlled by potential changes 


in the nerve endings. The rate of discharge is influenced in the same sense by 
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local potential changes whether they arise from currents applied to the nerve 
or from mechanical stimulation of the stretch receptor. Similar effects of 
applied local currents on sensory responses have been found in the eye of 
Limulus (Hartline, Coulter & Wagner, 1952) and in the elasmobranch labyrinth 
(Lowenstein, 1953). Also Tasaki & Fernéndez (1952) have reported an effect 
of direct currents on the cochlear microphonic and action potential in the 
guinea-pig. 
SUMMARY 

1. The changes in the discharge from a stretched muscle spindle produced 
by electrotonic currents in the sensory nerve have been studied. 

2. When the cathode is placed near the nerve ending the discharge from the 
spindle increases; when the —" is reversed the discharge is reduced or 
stopped. 

3. The relation between the changes in impulse frequency and strength of 
applied current has been studied. The anodic effect is greater than the cathodic ; 
this may be explained by the rectification properties of the axon membrane, 
which permit a more effective spread of anelectrotonic current. 

4, The results are in agreement with the findings that the sensory discharge 
from a muscle spindle is mediated by a local depolarization of the sensory 
terminals, 

I am indebted to Prof. B. Katz for constant encouragement and advice, and to Mr J. L. 
Parkinson for unfailing technical assistance. Thanks are also due to Mr J. Armstrong for histo- 
logical assistance. 
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The effect of intravenous infusion of Pitressin on hand and forearm 
blood flow in man. By A. H. Krrcntn. Sherrington School of 
Physiology, St Thomas’s Hospital Medical School, London, S.E. 1 


In a previous communication (Kitchin, 1954) the delayed vasodilatation in the 
muscles of the forearm found during infusions of Pitressin was described. The 
demonstration is intended to show this phenomenon. Pitressin (Parke Davis 
and Co.) is infused intravenously at a rate of 170 mU/min, the drug being 
added to a continuous infusion of saline injected at a rate of 4 ml./min. Hand 
and forearm blood flows are measured by venous occlusion plethysmographs. 


REFERENCE 
Kitchin, A. H. (1954). J. Physiol. 126, 50-51 P. 


An improved electromagnetic flowmeter. By A. F. Copsoip and 
P. R. Styies. St Thomas’s Hospital Medical School, London, S.E. 1 


The flowmeter is based on a design by Kolin (1945), with modifications 
simplifying its construction and operation. 

Electrical interference has been minimized by employing a differential 
amplifier and two earthed stainless-steel tube inserts on either side of the 
recording electrodes. The variable phase transformer used by Kolin (1941) for 
a.c. interference elimination has been replaced by a resistance capacity phase 
shift network. 

Flow rate is indicated on a 4} in. scale meter, deflexion of which is a linear 
function of flow, and output suitable for direct operation of a pen recorder or 
mirror galvanometer is also provided. The range of flow rates which may be 
recorded is largely determined by the diameter of the cannula. In the demon- 
stration a 2 mm bore polythene cannula is used, giving accurate recording of 
flows between 1 and 60 ml./min. 
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The instrument will faithfully record rapid variations in flow, the response 


to a sudden increase being virtually complete in 0-1 sec. The apparatus is. 
being successfully used to investigate vasomotor responses to various drugs in 


the anaesthetized animal. 
REFERENCES 


Kolin, A. (1941). Rev. sci. Instrum, 12, 555. 
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A manometer for differential and single pressure measurements. 
‘By O. and J. P. Sumincrorp. Department of Medicine, 
Postgraduate Medical School of London, W. 12 


_ Many methods for pressure measurement have used the movement of a mem- 
brane (Hamilton, Brewer & Brotman, 1934; Rein, 1940; Hansen, 1949). The 
present instrument consists of two circular chambers separated by a phosphor- 
bronze membrane on which is mounted a small mirror. Inlet and outlet tubes 


nlet 
(front chamber) 


Outlet 
(rear chamber) 


Photocell 
TABLE 
Limit of linearity 
Membrane (mm Hg) Frequency response (c/s) 
(in.) Calculated Observed Calculated Observed 
0-005 60 70 53 50 
0-010 230 270 160 155 
0-012 325 300 215 200 


lead from each pressure chamber to suitable cocks and connexions. The mirror 
deflects a light beam, which shines through one of the chambers on to a photo- 
electric cell. The optical system is so arranged that the rays from a small light 
source are focused by a lens on to the mirror; half of the lens is shaded so that 
light falling on the photo-electric cell placed at the same distance as the lens 
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from the manometer has a straight, well-defined, leading edge. When used as 
a differential manometer the light beam is so adjusted that it half covers the 


‘cell when the pressures on both sides of the membrane are equal. The whole 


is enclosed in a light-tight box. 

The observed performance agrees closely with that calculated by formulae 
for membranes under pressure, and the linearity is well within the limits 
in physiological (Table 1). 


REFERENCES 


W. Brewer, (1934). Amer. J. Physiol. 107, 427-435. 

sce eee (1949). Pressure measurements in the human organism. Acta physiol. scand. 
up 

Rein, H. (1940). Pfliig. Arch. ges. Physiol. 248, 329-335. 


_ Anaid to the oscillographic display of two short-lasting wave-forms 


separated by a known relatively long interval. By A. J. Butier. 


Department of Medicine, St Thomas's Hospital Medical School, London, 
S.E.1 


_ When it is desired to record two short-lasting wave-forms separated by a 


known relatively long interval various methods may be used. If the final 
display unit is to be a cathode-ray tube two suitable types of time base have 
been described. The first method is to use a slow-sweep time base such as that 
described by Attree (1949). The sweep duration must then be at least as long 
as the interval separating the wave-forms. Under these conditions, if the 
interval is of the order of 10 sec and the wave-form duration 10 msec, the 
detail of the latter is likely to be lost. The second method is to use a time base 
incorporating a compression circuit such as that described by Mackay (1950). 
With this method approximately half the screen diameter may be made 
available for the display of each of the short-lasting wave-forms. Where it is 
desirable to have the whole screen diameter available for each wave-form the 
method to be described may be found useful. 

The principle of the method is to trigger a single sweep for the display of the 
first wave-form; then, after a pre-set interval, apply a shift voltage to the 
Y-plates and trigger a second sweep for the display of the second wave-form. 
The actual circuit in use was designed to work with the Cossor D.C. double- 


beam oseillograph Model 1049, but could be modified for other models. The 


pulse diagram (Fig. 1) illustrates the sequence of events. 
~ The overall repetition rate is governed by a multivibrator (M.V.). The posi- 
tive pulse from the multivibrator triggers two cathode coupled flip-flops 
(F.F.1 and F.F.3), the first of which determines the interval between sweeps, 
and the second the delay between the arrival of the multivibrator pulse and 
the actual initiation of the sweep. Both of these intervals are variable. 
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The termination of the pulse output from the first flip-flop (F.F. 1) fires 
a flip-flop (F.F.2) which shifts the two beams vertically but in opposite 


directions, and also fires the sweep delay flip-flop (F.F.3) for the second time. 


| Timing pulse M.V. 
f Interval F.F. 1 
j Diff. 
7 
| Diff, 
| Input to F.F, 3 
| | Diff. 
if | | Input to hammer 
Input to F.F, 4 
Brightener and sweep 


circuit F.F. 4 


Fig. 1. Pulse diagram of generator, For further explanation see text. 


Fig. 2. Two action potentials, the upper one following the lower 
after 0-69 sec. Time marker 200 c/s. 


The delay before firing of the sweep has been used to deliver a blow from an 
electromagnetic hammer (Schweitzer & Wright, 1937). The termination of the 
pulse output from the sweep-delay circuit turns on the beam brightener and 
initiates the sweep (F.F.4). 

Fig. 2 is a single exposure of two action seticiiale separated in time by 
0-69 sec. The first sweep on the double-beam tube recorded the lower action 
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potential and the time scale (200 c/s), and the second sweep reconded the 
upper action — the second beam being deflected downwards off the 
screen. 
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Sound transmission of the normal chest. By A. J. BuLiER and 
A. C. 


Method of investigating the ankle jerk in man. By A. J. BuLiER 
and A. C, Dornuorst 


‘Effects on e.c.g. and blood pressure of therapeutic intravenous 
acetylcholine. By E. D. Bartow 


The nature of the after-drop in the plethysmographic tracing 
during venous occlusion plethysmography with the veins dis - 
tended. By P. Sherrington School Physiology, St Thomas’ s 
Hospital Medical School, London, S.E.1 


When blood flow is measured plethysmographically in a limb in which the 
veins are distended the plethysmograph tracing falls below the basal level on 
deflation of the collecting cuff, then gradually rises to the basal level again. 
This phenomenon has been termed the after-drop (Gaskell & Burton, 1953). 
A similar phenomenon was described by Abramson, Zazeela & Marrus (1939). 

Further work suggests that the cause of most if not all of the after-drop is 
_ a mechanical shifting of blood within the veins. It is suggested that when the 
collecting cuff is inflated it collapses the distended veins beneath it, propelling 
most of the blood within them proximally. This blood is unable to return to 
the collapsed veins when the cuff is deflated because of the venous valves. 
Therefore some blood from the veins within the plethysmograph drains into 
the collapsed veins. If the distended veins inside the plethysmograph hinder 
collection of more blood while the collecting cuff is inflated, the volume of blood 
_ collected may be less than the volume displaced by the cuff on inflation. When 
more blood is drained into the collapsed veins than has been collected while 
the cuff was inflated, the blood volume within the plethysmograph will drop 
_ below basal level and an after-drop will appear in the plethysmographic tracing. 
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The after-drop can be obtained in plethysmography of the fingers, toes, 
hands or feet and in a muscular part such as the forearm. The size of the after- 
drop is greater with wider collecting cuffs, higher collecting pressures (at 
least below the venous pressure), shorter collecting period and greater venous 
- distension. It is possible to obtain it when the veins are not unduly distended 
or when the arteries supplying the limb are occluded. 
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Foot blood-flow records in the erect posture. By M. J. ALLwoop. 
Department of Physiology, King’s College, London, W.C. 2 


Venous occlusion plethysmography records from the foot of the erect subject — 


differed in form from those in the supine subject. In the erect posture the 
reverse artifact on release of the collecting cuff was followed by a decrease in 
volume below the resting level. This volume decrease has been described 
during digital plethysmography as the ‘after-drop’ (Gaskell & Burton, 1953) 

Experiments to determine the nature of the ‘after-drop’ in the foot showed 
the following main points: 

(i) the magnitude of the ‘after-drop’ varied directly with local venous 
pressure; 

(ii) it varied directly with width of collecting cuff used ; 

(iii) it varied inversely with the period of collection; 

(iv) it was still obtained when blood flow to the part was occluded by a cuff 
around the thigh. 

A similar ‘after-drop’ in pressure following release of the collecting cuff was 
noted when foot venous pressure was recorded continuously by using a capaci- 
tance manometer. 

These findings are consistent with a view that in a normal limb with compe- 
tant valves in the veins the ‘after-drop’ is mechanical in origin. 

REFERENCE 
Gaskell, P. & Burton, A. C, (1953). Circ. Res. 1, 27-39. 


The effect of acute sympathectomy on the capillary filtration rate 
of the human forearm. By A. H. Krrcnm. Sherrington School of 
Physvology, St Thomas’s Hospital Medical School, London, S.E. 1 

The capillary filtration rate in the forearm has been measured before operation 
and within 36 hr after it in six cases undergoing upper limb sympathectomy. 

The apparatus used was a modification of the pressure plethysmograph of 
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Landis & Gibbon (1933), in which the subject could lie recumbent and the 
blood flow could be estimated with the same apparatus. The filtration rate was 
measured as the rate of increase of arm volume resulting from the application 
of a standard venous pressure (60 cm H,0) for 15 min. 

Following the operation, the blood flow was increased 2~4-fold over the 
pre-operative values, and the volume of blood in the limb (estimated from the 
effect of external pressure on the volume of the limb) appeared to be con- 
siderably increased. No change was found, however, in the capillary filtration 
rate, the mean pre-operative value being 0-078 ml./100 ml. /min and the post- 
operative value 0-074. 

REFERENCE 
Landis, E. M. & Gibbin, J. H. (1983). J. clin. Invest. 12, 106. 


Comparison of plethysmograph and thermo-electric needle records 
of calf blood flow during intravenous adrenaline infusions. 
By H. Barorort, H. Hensen and A. H. Sherrington School of 
Physiology, St Thomas’s Hospital Medical School, London, S.E. 1 


Experiments with the plethysmograph have shown that intravenous infusions 
of adrenaline in man at the rate of 10-20 yg/min lasting for 10 min cause 
a large transient increase followed by a smaller sustained increase in the blood 
flow in the forearm and calf. At the same time the rate of the blood flow in the 
hand and foot decreases. The increase in flow in the forearm and calf is there- . 
fore probably in the skeletal muscles (Allen, Barcroft & Edholm, 1946), This 
conclusion has now been verified by experiments in which the blood flow in 


‘the skeletal muscles themselves has been recorded during adrenaline infusions 


with the Hensel thermo-electric needle (Hensel, Ruef & Golenhofen, 1954). 


During adrenaline 
Before Transient Sustained 
Subject adrenaline vasodilatati vasodilatation 

no (last 2 min) (peak) (last 2 min) 
1 55 23 13-0 13-6 55 4-0 
2 50 2-8 140 12-0 90 5-4 
3a 45 27 13-0 13-0 85 42 
36 45 2-6 17-0 12:7 75 42 
4a 42 48 16-0 12:5 7:3 
4b 52 41 18-0 15:7 10-0 66 
Average 50 33 15-0 13-2 8-0 5-2 


_ Blood flow recorded in a skeletal muscle in the calf of the leg with the Hensel 

thermo-electric needle and expressed in relative units (ordinary type) and 
recorded simultaneously in the opposite calf with the plethysmograph and 
expressed in ml./100 ml. calf per min (italics). 
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The calf containing the needle was thickly covered with cotton-wool; the 
plethysmograph was filled with water maintained at 34~-35° C (Barecroft & 
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The passage of sugars across the monkey placenta. By F. P. Cuinarp, 
V. Danestno, A. St G. Hueeett, W. M. Pav and 8. R. M. Reynotps. 
Department of Embryology of the Carnegie Institute of Washington, 
Baltimore, and the Department of Physiological Chemistry, Johns H er 
Medical School 


In the monkey (Rhesus macacus) full term is at 165 days. These experiments 
were performed (with one exception at 92 days foetal age) at foetal ages 
between 143 and 156 days. The anaesthetic was intravenous Pentothal 5 ml. 
followed by 1 ml. as needed. It was maintainable as long as desired—usually 
up to 5hr. The blood-sugar levels were unaffected, which was not so with 
Nembutal, which was tried on one occasion. 

The uterus being exposed, a purse-string suture was put into the superficial 
musculature, a child-size cystoscope inserted into the amniotic sac and the 
transillumination enabled the paired interlobar vessels (branches of the umbi- 
lical vessels joining the primary or major placenta to the secondary placenta) 
_ to be localized. One interlobar artery was dissected out without puncturing 
the amniotic sac nor causing a loss of amniotic fluid nor a fall of intra-uterine 
pressure. The artery was cannulated with a polythene catheter. Foetal blood 
samples were removed as needed up to 5 hr. 

The following findings were obtained. 

(i) The resting pregnant monkey had normal human blood glucose values, 
high values appearing in the mother and foetus if the pre-anaesthetic rest was 
imperfect. 

(ul) The resting foetal blood aserend was 100 mg % or less and the blood 
fructose up to 6 mg %. 

(ui) The foetal blood glucose concentration was usually close to and less 
than the maternal. 

(iv) Glucose injected intravenously into the mother appears rapidly in the 
foetus. There is no rise of blood fructose whether in foetus or mother. 

(v) Labelled glucose given to the foetus intravenously appears rapidly in 
the maternal blood. 


(vi) Labelled fructose men to the mother appears rapidly in the foetal 
blood. 


(vii) Its rate of appearance is impaired by glucose infusion to the mother. 
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The monkey placenta, unlike the sheep, does not appear to form appreciable 
amounts of fructose from glucose. The back flow of glucose from the foetus to 
the mother goes on independent of the forward flow from the mother, but 
fructose given to the mother appears to be carried by the same carriers which 


garry glucose to the foetus. 


The vepietaier of premature lambs. By G. V. R. Bory, G. 8. Dawes 
-and Joan C. Morr 


Correlation between membrane potential, spike discharge and 
tension in smooth muscle. By Department of 
Pharmacology, University of Oxford | 

_ In longitudinal intestinal muscle preparations (taenia coli of the guinea-pig) 

it was found that mechanical (stretch) and chemical stimuli (acetylcholine, 
histamine) caused a fall in membrane potential and an increase in the rate of 
spontaneous spike discharge, the latter being proportional to the increased 

_ tension produced by the muscle. When a polarizing current was applied to 

a spontaneously active preparation cathodal polarization caused an increase in 

tension and in the rate of spike discharge. Anodal polarization caused inhibi- 

tion; it reduced both the tension and the rate of spontaneous spike discharge. 


Further photochemical studies in vivo: the grey squirrel. By 
R. A. WEALE 


The composite nature of an apparently ‘normal’ difference 
spectrum. By H. J. A. Dartnati. Medical Research Council Group 
for Research in the Physiology of Vision, Institute of Ophthalmology, London 


__ A photosensitive solution obtained by treating the retinae of dark-adapted 
_ bleak (Alburnus lucidus) with 2% aqueous digitonin had an absorption spec- 
_ trum with maximum at c. 527 my and, on exposure to white light, underwent 
_ changes which were maximal at c. 535 my. This result seemed to indicate that 
_ the solution contained only visual pigment 533, for the changes (difference 
spectrum) on total bleaching were very similar to those for this well-known 
pigment. 

When, however, it was appreciated that small discrepancies between the 
difference spectrum of the solution and that of visual pigment 533 were signi- 
ficant, further extracts of bleak retinae were made and examined by the method 
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of partial bleaching. This revealed that the apparently normal difference 
spectrum obtained by total bleaching with white light was misleading. In 
fact, the bleak extracts contained a mixture of three photosensitive pigments 
having absorption maxima at about 510, 533 and 550 mp respectively. 

In solution the optical densities of these three pigments at their respective 
maxima were approximately as 1:2:1. In these proportions the three absorp- 
tion spectra, when added together, yield a curve which closely resembles the 
absorption spectrum of visual pigment 533 alone, Further, since all three 
pigments behave similarly on exposure to light, the sum of their difference 
spectra in the same proportions likewise resembles the difference spectrum of 
visual pigment 533 alone. | | 

These experiments illustrate that agreement between spectra is not, by 
itself, a sufficient proof of identity; homogeneity tests must also be applied. 


Total energy expenditure during fasting and re-feeding of rats. 


By Mary C. Cummine and 8. D. Morrison. Institute of Physiology, 
University of Glasgow | 

It is well known that fasting lowers the energy expenditure of the organism. 
No satisfactory evidence has ever been obtained to indicate whether this fall 
contains a component attributable to a true depression of tissue metabolism, 
or whether it is entirely due to fall in body weight and the elimination of 
specific dynamic action. The present experiment was designed to examine this 
question. | 
_ The total 24 hr energy expenditure of adult male rats before, during and 
after a 48 hr fast was measured by the method used in previous work (Morrison, 
1953). Two studies on each of two litter-mates were made. Each study was of 
8 consecutive days consisting of 2 days’ normal feeding with food available 
ad lib., 2 days’ total fast (with no restriction of water intake), and 4 days’ 
recovery with food ad lib. 
__ In all cases the total energy expenditure fell, by the second day of fast, to 
about 77:5% of the initial normal level, recovered to 88-5% during the first 
day of re-feeding and on subsequent days recovered by smaller amounts. At 
the end of 4 days of re-feeding energy expenditure was still only 95-7 % of the 
starting level. Body weight fell on the second day of fast to 91% of the 
starting level, and had recovered, after 4 days of re-feeding, to 97-5%. Food 
intake during the re-feeding period was 15°, greater than in the initial period. 

Analysis of co-variance of the data for energy expenditure with those for 
body weight and food intake gives the general regression equation 


E = (4-17 + 4-26) + (0-119 + 0-016) W 4-(0-211 + 0-032) F, 
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where # is energy expenditure per 24 hr in kcal, W is body weight in g and F 
is daily food intake in g. The analysis also shows that, after elimination of the 
component due to the multiple regression, there is no significant variation 
between the daily means of energy expenditure. 

It appears, then, that the depression of energy expenditure of rate during 
and after a 48 hr fast is entirely attributable to changes in body weight and i in 
specific dynamic action. 

The expenses of this work were defrayed by the D. C. Andrew Research Fund of the University 


of Glasgow. 
REFERENCE 
Morrison, 8. D, (1953). J. Physiol. 122, 47-48 P. 


The effect of arm position on the oxygen saturation of the effluent 
blood. By J. Rosensweie. Department of Physiology, The Queen’s 
University of Belfast 

The subjects were seated with one arm extended and comfortably supported 

for alternate periods of 6 min, (a) in a nearly horizontal position, with the 

wrist 0-15 cm below the sternal angle, and (5) in a dependent position, with 
the wrist 43-59 om below the sternal angle. Two samples of blood were with- 
drawn in each position from an indwelling needle in either a superficial forearm 
vein or the median cubital vein; the latter usually drains deep and superficial 

tissues. 

_ In thirteen out of fourteen observations on blood from superficial veins, and 

in all of thirteen observations on blood from the median cubital vein, the 

oxygen saturation when the arm was dependent was greater than the mean 
of the values during the preceding and following periods with the arm 
horizontal. 

On the assumptions that the oxygen yptaertall of arterial blood and the 
oxygen consumption of the arm remained unchanged, these observations 
indicate that the blood flow is not less, and may be greater, when the arm is 
dependent than when it is horizontal. 

I wish to thank Dr R. F. Whelan and Dr G. C. Sie wiih dha 
samples. 


The effect of arm position on the heat elimination from the fingers. 
By R. A. Roppre. Department of Physiology, ane Queen’s U miversity of 
Belfast 

The rate of release of heat from the tips of three fingers of each hand, supported 

4 cm above the sternal notch of comfortably warm seated subjects, has been 

measured by a modification of the method of Greenfield & Shepherd (1950). 

The effect of raising or lowering one arm has been investigated. The results 
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have been adjusted for alterations in general vasomotor tone (as revealed by 
simultaneous control observations on the fingers of the opposite hand), for 
changes of calorimeter temperature. The temperature of the arriving blood 
did not vary appreciably. 


Heat 
Height of finger ry 
cemabove in position 
sternal notch (mean and S.E.M.) 
+ 38-5 43-4 (4-3) 
+11 89-7 (2-8) 
+ 4 (control) 102-3 (2-5) 
- 112-2 (3-9) 
24 115°3 (2-9) 
127-2 (7-2) 
68 119-8 (4-1) 


These observations suggest that the rate of blood flow through the finger 
tips is slightly greater, and the peripheral resistance is ney less, when the 
arm is — than when it is horizontal. 


| REFERENCE 
Greenfield, A. D. M. & Shepherd, J, T. (1950). Clin. Sci. 9, 323-847. 


The effect of venous congestion on the heat elimination from the 
fingers. By R. G. areas Department of Physiology, The Queen’s 
Unwwersity of Belfast 

The rate of release of heat from the tips of three fingers of each hand, supported 

4 cm above the level of the sternal notch, of comfortably seated subjects, has 

been measured by a modification of the method of Greenfield & Shepherd 

(1950). The effect on heat elimination of inflating a cuff on the wrist to various 

pressures has been investigated. The results have been adjusted for alterations 

in general vasomotor tone (as revealed by simultaneous control observations 
on the fingers of the opposite hand), for changes of calorimeter temperature, 
and for variations in the temperature of the arriving blood. 

During congestion the rate of heat elimination was reduced. The amount of 
the reduction was proportional to the congesting pressure. In normal persons, 
whether comfortably warm or heated to release vasomotor tone and in 3 patients 
with hypertension, the rate of heat elimination approached zero at a cuff 
pressure equal to the mean arterial pressure (systolic plus twice diastolic 
divided by. three). | 

These observations suggest that the peripheral resistance to the flow of 
_ blood through the finger tips is substantially unchanged when the venous 
pressure is raised, and that there is no mechanism in the finger tip causing 


a significant degree of sustained vasoconstriction in response to a small increase 
in venous pressure. 

REFERENCE 
Greenfield, A. D. M. & Shepherd, J. T. (1950). Clin. Sci. 9, 323-947. 
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_ The effect of contraction of the muscles of the human forearm 
on the oxygen saturation of the effluent blood. By A. H. G. Lovz. 
Department of Physiology, The Queen’s University of Belfast 

The oxygen saturation of effluent venous blood has been measured before, 

during and after rhythmic and sustained contractions of the human forearm 

- muscles. Samples were obtained by catheterization of the median cubital 

profunda vein and analysed for oxygen content by the volumetric method of 

_ Van Slyke. Blood flows were recorded by venous occlusion plethysmography. 

During rhythmic, but not sustained, contractions the oxygen saturation 
falls markedly. In the recovery period it rises to exceed the resting value and 
continues to rise to levels approaching arterial saturation before falling to the 
previous resting figure. This rise was observed in all experiments after both 
rhythmic (eight experiments) and sustained (three experiments) contractions. 

_ The oxygen saturation of blood from superficial veins was little changed during 

or after exercise. 

The results indicate that after exercise the increase in blood flow is greater 

_ than the increase in oxygen demand. It seems improbable that an anoxic 

drive plays a significant part in causing the post-contraction hyperaemia. This 

is in agreement with the findings of Quensel & Kramer (1939) in the dog. 


I wish to thank Dr R. F, Whelan, Dr G. C. Patterson and Prof. A. D. M. Greenfield for help with 
the collection of the blood samples. 


| REFERENCE 
Quensel, W. & Kramer, K. (1939). Pflag. Arch. ges. Physiol. 241, 698-716. 


- The measurement of blood flow during reactive hyperaemia in 
man. By G.C. Parrerson and R. F. Department of Physiology, 
The Queen’s University of Belfast 
While attempting to measure the forearm blood flow with water-filled venous 
occlusion plethysmographs during the reactive hyperaemia following periods 
of circulatory arrest it was found that the flows measured during the first 
15-20 sec after release of the circulation were lower with collecting pressures 
of 80, 70 or 60 mm Hg than with collecting pressures of 50 or 40 mm Hg. 
_ Direct measurement of the pressure in the brachial artery immediately distal 
_ to the collecting cuff showed that the pressure fell to about 40 mm Hg during 
the 3 min period of arrest and took about 20 sec or more to return to normal 
after release of the circulation. Simultaneous measurements of pressure 
_ proximal and distal to the occluding cuff showed the same reduced pressure at 
the two sites following release of the circulation, indicating that the low pres- 
_ gure is a consequence of the reduced peripheral resistance and the time required 
to fill the dilated vascular bed, and not due to any local obstruction under the 
cull. 
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The results indicate that it is necessary to use a collecting pressure of 
40-50 mm Hg or less when measuring the blood flow in reactive a 
by venous occlusion plethysmography. | 


Intravascular pressure and reactive hyperaemia. By G. C. ParrEerson. 
Department of Physiology, The Queen’s University of Belfast 
It has been suggested that the vasodilatation following a period of circulatory 
2 pressure (Bayliss, 1902; Folkow, 1949). If this were so, raising the pressure in 
the vessels during the period of occlusion should reduce the —— reac- 
tive hyperaemia. 

In twelve experiments on seven subjects the blood ine through both fore- 
arms was measured by venous occlusion plethysmography before and after 
arrest of the circulation for periods of 5 min. When one forearm is packed with 
blood by exposure to pressures of 50, 100 or 150 mm Hg below atmospheric for 
30 sec before arrest of the circulation, the subsequent reactive hyperaemia is 
much shortened though the flow 5 sec after release of the circulation is often 
little changed. The reduction in the amount of blood flowing through the 
limbs after release of the circulation greatly exceeded the extra amount of 
blood held in the limbs during the period of arrest of the circulation. Results 
obtained with packing pressures of 50, 100 and 150 mm Hg below atmospheric 
indicate that the higher the packing force used, the smaller is the reactive 
hyperaemia. In the brachial artery distal to the occluding cuff, the pressure 
drop after arrest of the circulation is less in the packed forearm than in the 
unpacked forearm. 

These findings suggest that intravascular pressure changes are one of the 
factors —r for the vasodilatation oe a period of circulatory 


arrest. 
REFERENCES 


Bayliss, W. M. (1902). J. Physiol. 28, 220-231. 
Folkow, B. (1949). Acta physiol. scand. 17, 289-309. 


A method for extrinsic denervation of intestines. By N. AMBACHE. 
Ophthalmological Research Unit, M.R.C., Institute of Ophthalmology, Judd 
Street, London, W.C. 1 | 


The procedure provides a method for ‘decentralizing’ a 50-60 cm length of 
gut, which is left deriving its entire blood supply collaterally. In nembutalized 
rabbits mid-line incisions are made with a cautery through procainized skin 
and linea alba. A loop of mid-ileum is delivered on to a sterile sheet of poly- 
thene. A segment, supplied by five or six main ileal branches of the superior 
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mesenteric artery (8.M.A.), is selected after inspection of the peripheral anasto- 
motic arcades (arrows 1-4) for continuity from X to Y. The six vessels, with 
venae comites, are cut between ligatures, if possible, proximally to their first 
bifurcation (e.g. A); otherwise, before the second (B). Blood is wiped off the 
cut vessels. In the figure only three main vessels are shown severed, with five 
ligatures; but in fact animals have survived the severance of up to seven main 
vessels. The mesentery is transected from X to Y without damage to the 
arcades at those points. Before replacing the gut, it is washed extensively 
with warm sterile saline to remove the last traces of blood and cotton-wool. 


When closing the abdomen it is important to use mattress sutures for the 
muscular layers in order to evert the cut edges of the linea alba, which may 
otherwise form adhesions to the gut. Rabbits have survived this operation 
for several weeks. Internal adhesions occurred in the preliminary experiments, 
_ but were eliminated when the above precautions were taken. This procedure 
has been combined with superior mesenteric ganglionectomy. 


Blood pressure and the regulation of brain blood flow. By A. CarLyLe 
and J. Grayson. Department of Physiology, University of Bristol 


In the following experiments cats and rabbits were lightly anaesthetized with 
- pentobarbitone sodium. Blood-flow recorders (internal calorimetry, Grayson 
& Haigh, 1954) were implanted through trephine holes over the frontal or 
_ temporal regions of the brain (Carlyle, Field, Grayson & Rogers, 1954). Blood 
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was recorded and compensated through femoral arterial cannulae 
(Grayson, 1954). 

Fig. 1 shows a typical experiment in which blood pressure was lowered in 
steps from initial levels of 150mm Hg to zero. Little change im thermal 
conductivity increment (5k) occurred as long as blood pressure was above 
30 mm Hg. Lowering the blood pressure below this level brought about a 
rapid decline in 8k which, in most instances, was quickly followed by death. 
Similar results were obtained in most experiments even after the administration 
of tetraethylammonium bromide. 


160 
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Fig. 1. The relation betwen blod fw in the cat bain and the aytemi rer boo pressure 


It is concluded that in the presence of changing blood pressure, intracerebral 
vascular resistance is modified to preserve a constant brain blood flow. The 
mechanism is probably not nervous, and it is suggested that this is a further 
example of intrinsic regulation of blood flow such as has already been described 
in the liver and kidneys (Grayson, 1954; Shipley & Study, 1951). 


The expenses of this investigation were partly defrayed het roma the Medical Research 
Council. 
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Carlyle, A., Field, E. J., Grayson, J. & Rogers, A. F. (1954). J. Physiol. 124, 56 P. 
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Relation between age at puberty and adult physique in men. By 
J. M. Tanner. Sherrington School of Physiology, St Thomas’s Hospital 
Medical School, London, S.E. 1 

The time of puberty, taken as the age of first appearance of pubic hair, has 
been recorded for 188 Sandhurst cadets whose recollection of the event is 
believed to be accurate to the nearest half-year. The cadets were measured and 
somatotyped at age 19-21, and the relation between age at puberty and physique 
is given in Table 1, in which the cadets are divided into four age-at-puberty 
groups, group I being the earliest maturing. There are significant and consis- 
tent differences between groups in height (due to leg, not trunk, length), — 
height/#/ weight, mesomorphy and ectomorphy. Men high in 
mature early; those high in ectomorphy mature late. 


TABLE 1. Means and standard errors of somatotype components and anthropometric measure- 
ments of 188 cadets classified according to age of first appearance of pubic hair. 


Groups (age of pubic hair appearance in brackets) 


3 IV (144, 15 yr. 

I (11, 114, 12 yr.) (124, 13 yr.) (184, 14 yr.) and over) 
Number ... 55 24 
Endomorphy 3074010  3-2040-08 2-96 + 0-09 3-08 + 0-12 
Mesomorphy 4:7240-14 4-68+0-10 4:36 40-12 4:174.0-14 
Ectomorphy 3-39+40-16 3-54+40-11 3-85-+0-13 4-04 +0-16 
Height (cm) 177/81 +1-02 178-16 40-69 178-34+40-74 179-53-+ 1-05 
Leg length (cm) 82-99 83-59 83-72 84-55 
Weight (Ib.) 154-4 +2-58 154-5 +1-61 (148-6 +1-52 151-9 
Height/4/wt. 13-06 +0-06 13-07 +.0-04 13-23 + 0-05 13-29 + 0-05 


These differences in adult physique might actually be caused by differing 
times of puberty (since growth ceases soon after) or might simply be associated 
with early or late maturation due to common physiological factors. That the 
latter is in fact the case is shown by a study of forty-two men measured at 
ages 3, 4 and 5 and again as adults. These data, obtained in collaboration with 
Prof. Lockhart of Aberdeen (see Lowe, 1952), show significant height// weight 
differences already existent in childhood between persons of high, medium and 
low height/~/weight as adults. 

REFERENCE 
Lowe, A. (1952). Growth of Children. Aberdeen University Press. 


_ The concentration of sodium in thermal sweat. By M. G. Butmer and 


G. D. R.A.F. Institute of Aviation Medicine, 
Hanis 
It ig generally agreed that the concentration of sodium in thermal end: is 
always less than that in serum and increases with sweat rate (Robinson & 


Robinson, 1954). It is suggested that this relationship can be explained 
b 
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directly in terms of the sweat rate rather than of the accompanying rise in 
skin temperature. 

Let it be supposed that sweat is formed from a precurtor fluid with the same 
sodium concentration as plasma, and that this fluid passes through the sweat 
glands either without or with constant reabsorption of water. Then if the 
glands retain during the passage of the fluid an amount of sodium which 
reaches a constant maximal value at high sweat rates, it can be shown that the 
total sodium loss should, when this maximal value is attained, give a linear 
regression on sweat rate with a negative intercept and a slope numerically 
equal to the plasma sodium concentration. 

Experiments were performed on five subjects. In each experiment either 
_ one or two of them walked on a treadmill in a hot, dry environment for a pre- 
liminary running-up period of 20 min; sweat was then collected from the arm 
during a further period of 20 min in a modified Ladell arm-bag. Hand-sweat 
was excluded by a rubber glove sealed at the wrist. It was found that the data 
were adequately fitted by the postulated straight line provided the sweat- 
sodium concentration exceeded 50 m-equiv/l.; below this concentration the 
slope fell off towards the origin, as would be expected if the sodium retention 
rate were submaximal below this value. In the three subjects whose sweat- 
sodium concentrations exceeded 50 m-equiv/l., the slopes of the best-fitting 
lines with their corresponding standard errors, all in m-equiv/l., were: 
143-4 + 7-2 (plasma sodium not measured), 140-8 + 4-5 (mean plasma-sodium 
concentration 140-6+1-5; s.z. of seven readings) and 134-5+4-1 (plasma 
sodium 142-0 + 1-5). 

REFERENCE 
Robinson, 8. & Robinson, A. H. (1954). Physiol. Rev. 34, 202-220. 


The rate of diffusional water loss through human skin. By 


D. McK. Kerstaxe. R.A.F. Institute of Aviation Medicine, Farnborough, 
Hants 


Taylor & Buettner (1953) state that in the absence of sweat-gland activity 
water diffuses through the skin at a rate proportional to the difference between 
the water-vapour pressure in the air and the saturated water-vapour pressure 
at skin temperature. This is consistent with the results of experiments in which 
the loss from small areas of skin is measured by a capsule method, but does not 
satisfactorily explain previous observations of skin water loss from the whole 
body surface. Water storage in the epidermis, changes in the effective level of 
the interface, changes of permeability with skin blood flow and special impe- 
dance characteristics of certain cell layers have been invoked bd eerent 
authors in order to explain the discrepancies. 
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The weight changes of a nearly nude subject breathing from a closed circuit 
have been measured in various environments in the air temperature range 
24-29° C air movement 50 ft./min. The subject was exposed for at least half an 
hour before the observation was started. Evaporation from the hands, soles of 


the feet, face, axillae and pubic and perineal regions was prevented by the 


application of impermeable coverings. Mean exposed skin temperature varied 
between 31-6 and 34-5° C. Weight loss was found to be a linear function of 
vapour-pressure difference, with a small (insignificant) negative intercept on 
the vapour-pressure axis. No evidence of complicating factors was found, and 
the weight loss of the subject (1-8 M? total surface area) could be expressed 
using the nomenclature of Taylor & Buettner (1953), by 


W(g/hr) = 1-49 + 1-46 + (0-831 + 0-055) (p* — p,) (mm Hg) 


Failure of previous observations of this type to agree with the simple diffusion 
hypothesis is considered to be due to the inclusion of weight loss from the 
constantly sweating areas and to possible errors in the assumption of the 
weight loss from the respiratory tract. 


REFERENCE 
Taylor, C. L. & Buettner, K. (1953). J. appl. Physiol. 6, 113-123. 


_ The calorie expenditure of cricket. By J. G. Fiercuer 


_ The influence of temperature on the relationship between blood 


CO, tension and plasma pH. By E. G. Brewin, F. 8. Naswat and 
KE. Nett. Department of Physiology, Middlesex Hospital Medical School and 
Department of Thoracic Surgery, Guy’s Hospital Medical School, London 


Samples of blood were equilibrated in tonometers with CO,/air mixtures at 
a temperature of 37° C; the plasma pH was determined at 37° C with a glass 
electrode. A linear relationship was found between log pCO, and pH. The 


_ procedure was repeated at 26° C, plasma pH being determined at this tem- 


perature. The relationship was again linear, and the experimental points fell 


‘on the same line as that obtained at 37° C. This was shown to be the case with 


blood from humans, dogs and oxen. These results confirm and extend those of 


_ Stadie, Austin & Robinson (1925). These authors claimed a close similarity in 


the plasma pH of blood samples equilibrated at given CO, tensions at 38 


and 20° C, 


The slope of } the log pCO,/pH line was affected by the Hb concentration 


of the blood used. Addition of red cells to a given blood increased the 
_ log pCO,/pH slope. Conversely, addition of plasma to a given blood caused the 


AS 
4 
oH 
3 
ug 
x 
ang 
~ 
fe 
AY, 
A 
- 


20 P PROCEEDINGS OF THE PHYSIOLOGICAL 


log pCO,/pH slope to become flatter. In such diluted bloods it was clear that 
the experimental points determined at 26° C lay slightly to the ‘acid’ side of 
those at 37° C. When separated plasma alone was equilibrated at these two 
temperatures, experimental points obtained at 26° C lay well to the acid side 
of those determined at 37° C. This is presumably due to the greater solubility 
of CO, at the lower temperature with a consequent increase in the amount of 
H,CO, formed. 

In view of the difference between the results obtained on blood and plasma, 
it would appear that changes in the ionization and base binding power of 
haemoglobin which occur with temperature offset the greater potential acidity 
of CO, due to its increased solubility at lower temperatures. 


REFERENCE 
Stadie, W. C., Austin, J. H. & Robinson, H. W. (1925). J. biol. Chem. 66, 901. 


Comparative enzymology of certain insect séievildiainibes in 
relation to poisoning by organophosphate insecticides. By 


J. E. Castpa. Department of Entomology, U niversity of Wisconsin, 
Madison, Wisconsin 


Acetylesterases, particularly cholinesterases, have been repeatedly implicated 
in the poisoning of insects by organophosphate esters (Metcalf & March, 1949; 
Lord & Potter, 1953). The properties of insect acetylesterases were investigated 
to form a possible basis for classification of these enzymes and an evaluation 
of their importance in the selective toxicity of organophosphate insecticides. 

Fourteen different species of insects or mites in various developmental stages 
and fourteen organ systems from Periplaneta americana (L.) were surveyed. 
Esterase activities were determined manometrically with the following sub- 
strates singly or in mixtures: acetylcholine (ACh), acetyl-8-methylcholine, 
benzoylcholine, triacetin, and o-nitrophenylacetate (¢). In vitro inhibition 
studies were made with eserine, tetraethylpyrophosphate and choline; the 
relative in vivo efficiency of four different organophosphates as inhibitors of 
the ACh esterase and ¢ esterase was also evaluated. 

The insect acetylesterases appear to be a group of related enzymes with 
widely divergent properties. These organophosphate-sensitive esterases differ 
greatly in their substrate specificity, susceptibility to inhibitors and activity 
on mixed substrates. Insects considered to be quite similar taxonomically 
bear little similarity in the properties of their acetylesterases (i.e. Homoptera— 
leafhoppers, aphids, white flies and scales); yet distantly related forms may 
be quite similar (leafhoppers and honeybee; mites and scale insects). Esterases 
from different organ systems of the same insect hydrolysing the same substrate 
may be completely different in properties. The balance and properties of the 
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“esterases may shift markedly during development (housefly and wax x moth). 
Sex differences may be quite. distinct. - -Propétties resembling those of specific 


cholinesterases appeared in whole leafhoppers, heads of adult wax fnoths and 


flies, and in the ventral nerve cord of roaches; nonspecific characteristics were 
evident in pea aphids, mites and carpet beetle larvae. Enzymes of many 
intermediate types were also observed. No consistent classification of these 
esterases appears possible at this time. 

The relative physiological importance of ACh esterase and ¢ esterase in 
organophosphate poisoning of adult P. americana was evaluated. Roaches at 
_ the prostrate-tremor stage from poisoning with four different organophosphates 
were studied. The nervous system was the most sensitive to in vivo inhibition 
of ACh and ¢ esterases of the nine organ systems assayed. The four compounds 
reacted much differently in affecting the various organ systems and in relative 
inhibition of the ACh and ¢ esterase within a given organ system. No evidence — 
was obtained contrary to the hypothesis that the primary cause of organo- 
_ phosphate insecticide poisoning of adult insects is —— blockage of the 


REFERENCES 


Lord, K. A. & Potter, C. (1953). Nature, Lond., 172, 679-681. 
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) Involuntary activity in biceps following the sudden application of 


velocity to the abducted forearm. By P. H. Hammonn. Radar 
Research Establishment, Ministry of Supply, Malvern, Worcs. 


Recent work (Eldred, Granit & Merton, 1953) has indicated that the sensory 
endings in skeletal muscle are length detectors in a closed loop control system 
which positions the limb. The apparatus shown diagrammatically in Fig. 1 was 
designed to test the closed-loop hypothesis on the intact human subject. 

A pull of constant velocity can be applied without warning to the abducted — 
arm; arrangements are made to measure the force exerted at the wrist andthe .__ 
e.m.g. activity from skin electrodes over the biceps. 


«Pivoted arm 


g 

> 


Forearm 


le of | 

| E.M.G. 

amplifiers Air bellows 


Strain-gauge beam, 


Fig. 1. Diagram of apparatus. sh 
Initially the arm is abducted at about 80° and the subject exerts a constant 

force against’ a stop, by reference to a meter deflexion derived from strain 


I gauges. A constant-velocity pull is then applied to the wrist by clutching in 
_ a speed controlled motor; the subject being previously instructed either to 
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let go or to resist when pulled. Typical recordings of force and e.m.g. are shown 
_in Fig. 2. Three subjects have been studied and give results which are remark- 
ably consistent. | 

According to the closed-loop hypothesis the initial spike in the force record 
due to the sudden acceleration of the forearm should be followed by a period 
during which the force is due to extension of the muscles whilst in a state of 


steady excitation corresponding to the initial conditions. Sensory endings in — 


the muscles begin to stretch when the pull is applied though their rate of 
stretch is reduced by series elastic elements. After delay due to nerve trans- 
mission action potentials appear reflexly at the muscle and active force builds 
up until voluntary control is established from higher centres and force build 
up is accelerated or stopped. 


(a) (b) 


Fig. 2. Force rapinidilieet and ¢.m.g, recordings with a pull velocity of 40 cm/sec. (a) Subject 
instructed to let go when pulled. (6) Subject instructed to resist when pulled. 


The force records obtained show a slow rise after the initial inertia spike and 
a rapid rise or fall when voluntary control is established about 100 msec after 
the beginning of the pull. E.m.g. records have a diphasic wave occurring about 
18 msec after the pull, a latency according well with reflex arc transmission 
time. Following this wave is a ‘silent period’ possibly caused by a transient 
slackening of the muscle spindles (Merton, 1951). Associated with the diphasic 
wave is a twitch on the force record which, however, may be due toa fluctuation 
in motor speed. Activity following the silent period is interrupted abruptly 
if the subject is instructed to let go when pulled, otherwise it is continuously 
maintained. 

The evidence so far obtained to support the closed-loop hypothesis is not 
decisive. The records show that only about 4 Mdyn of resisting force are turned 
on before voluntary control supervenes. Maximal effort at the wrist is about 
30 Mdyn so that the involuntary mechanism plays a minor part in resisting 
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The movement of a bubble of oxygen injected into the blood stream is filmed 
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forcible extension of the forearm. Its failure in this respect may be due to the 
buffer action of the elastic elements between external events and their detec- 
tion by the sensory endings in muscle. 


Acknowledgement is made to the Chief Scientist, the Ministry of Supply, and to the Controller 


of H.M. Stationery Office for permission to publish this paper. Crown copyright reserved. 
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_ A respiratory anemometer. By B. M. Wricutr. Medical Research 


Council, Pneumoconiosis Research Unit, Llandough Hospital, near Penarth, 
Glam. 


_ The anemometer was designed as a form of portable gas meter for measuring 


the respiratory volume of ambulant subjects. It weighs only 17 g and can be 


fitted in place of an inspiratory valve in a respirator face-piece. It consists of 


a hollow cylinder 3 cm in diameter and 2 cm long, one end of which is inserted 
in the respirator, the other being closed. 

Air enters the cylinder through a number of tangential jets and drives a very 
light two-bladed rotor which is connected to a counting train. The latter, 
which is made from a wrist-watch movement, is mounted on the closed end 
of the cylinder and has a dial and hands to indicate the revolutions of the 


rotor. Details of its performance and characteristics will be given at the 


demonstration. 
A full account of the instrument will be published elsewhere. 


An apparatus for the analysis of film records. By D. A. McDona.p. © 
Department of Physiology, St Bartholomew’s Hospital Medical College, 
London, 1 


The cine-camera is an excellent sities for recording and studying movements 
in a qualitative way. Deriving precise measurements from these records has 
proved more difficult. Where the movement is in a straight line a good method 
is to project the film on to a moving drum and derive a curve relating the 
linear movement against time. This raises one practical problem in the neces- 
sity of aligning the movement projected at right angles to the movement of 
the drum. The apparatus to be demonstrated is an adjustable stand for a drum 
kymograph that allows the drum to be tilted accurately in relation to a pro- 
jected picture. 
It has been used for the analysis of high-speed films of nahenil blood flow. 
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at 1500 frames/sec. The film is then projected at 16, or 2, frames/sec on to the 
drum and a curve of distance travelled against time is traced. The velocity 
curve is then derived from the slope of this curve at successive points. The 
details of the method have been previously described (McDonald, 1952). 


Clamp to 
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for kymograph of kymograph 


| Central pillar 


Base-plate 


Tt 


Fig. 1. The tilting table is designed to hold a standard Palmer electric drum kymograph. The 
degree of tilt is controlled by the worm-gear. By Wie on 
the central pillar. The base-plate is screwed to the bench. 


The construction of the tilting table is shown in Fig. 1. The drum can be 
tilted to 60° from the vertical on either side, and is controlled by a worm-gear. 
The central pillar has a vertical movement of 24 cm. Apart from its specialized 
use it is thought that the table may find other uses as a versatile type of drum 
support. 

The apparatus was designed and built by Mr E. W. Ellis and C. F. Palmer Ltd. The cost was 
defrayed by a grant from the Medical Research Council. 


REFERENCE 
McDonald, D. A. (1952). J. Physiol. 118, $28-339. 


The cytology of pancreatic secretion. By D. Lacy. Department of 


Zoology and Comparative Anatomy, St Bartholomew s Medical College, 
London, E.C. 1 


Pancreatic secretion has been studied in cells which have not been stimulated 
by artificial means. Under natural conditions it has been shown that there 
exists a secretion cycle which consists of three main phases: (1) Recovery phase, 
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during which zymogen synthesis is maximal; (2) Resting phase, during which 
zymogen synthesis is minimal; and (3) Discharge phase, in which zymogen 
_ granules are lost from the cells. Zymogen synthesis is brought about by certain 
_lipoidal prozymogen bodies which originate from mitochondria in the form of 
small granules. These pass towards the Golgi apparatus, probably receive some 
contribution from it, and become vacuolated. Each vacuolated prozymogen 
body consists of an outer lipoidal coat enveloping an immature zymogen 
granule. Eventually the lipoidal coat is shed and a mature zymogen granule 
uced. Zymogen discharge is brought about in a similar way. Amongst 
the zymogen granules there appear small secretion bodies which gradually 
increase in size. Kach secretion body consists of an outer lipoidal coat and an 
inner substance which is probably formed by the liquefaction and absorption 
_ of zymogen granules. Eventually the secretion bodies are extruded into inter- 
cellular secretion canaliculi. It appears that both the synthesis of zymogen 
granules and their absorption is or about by the activity of an intra- 
cellular lipoidal cycle. 

Secretion in cells has also been studied with the electron microscope i in 
collaboration with Dr C. E. Challice of the Wright-Fleming Institute. It is 
suggested that the area presented by the cytoplasmic reticulum to the inter- 
reticular substance alters during the phases of the secretion cycle. Further, 
_ after the previous use of pilocarpine hydrochloride most of the reticulum 
breaks down during the discharge phase to form a second — gat 
of pancreas cells. 


The application of interference contrast microscopy to the study of 
living muscle fibres. By F. J. Aumonter. Department of Physiology, 
St Bartholomew’s Medical College, London, E.C. 1 


The interference contrast microscope, devised by F. H. Smith of Chas. 
Baker Ltd., is an instrument which enables small differences of refractive 
index in an object to be rendered visible to an observer and to be measured. 
A beam of polarized light is focused by a substage condenser upon the 
specimen. The condenser is of conventional type except for the fact that a 
calcite plate is cemented to the plane surface of the front lens. This system 
enables a sharply focused image of the light source to impinge upon the 
specimen and a second image to be focused above the specimen. The 
objective has a similar calcite plate cemented to its front. The result of 
this arrangement is that in the back focal plane of the objective there are 
two series of wave trains, one, the image-forming beam, consists of rays 
which have passed through the object; the other, the reference beam, has 


passed round the object, but not through it. Both wave trains have. arisen 
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from identical points in the light source, and so are capable of interfering. 
The planes of polarization of the reference and imaging beams are at right 
angles to each other. A quarter wave plate with its optic axis at 45° to the 
reference beam is placed just behind the ob) ective. After traversing this plate 
the two beams are circularly polarized in opposite directions. Behind the 
quarter wave plate is a rotating analyser. The effect of rotating the analyser 
is to change the phase relationship between the two beams. The rotation of 
the analyser can be read off on a scale divided in degrees of angle. 

In order to determine the refractive index of a given object the following 
data must be available: (1) the wavelength of the light used, (2) the refractive 
index of the mounting medium, and (3) the thickness of the object. 

The instrument is first adjusted for KGhbler or critical illumination with the 
polarizer, quarter wave plate and analyser out of the optical train. These 
accessories are then placed in their working positions, the eyepiece is removed, 
and the back lens of the objective is examined. A series of interference bands 
can be seen crossing it. The condenser adjusting screws are then turned till 
one band covers the whole of the back lens. The eyepiece is replaced, the 
specimen is focused, and a suitable object found. The analyser is now rotated 
till the background is at its darkest, and the reading of the analyser scale is 
noted. The analyser is again rotated till the object becomes dark, and the new 
reading is recorded. The difference between these readings D can then be 
used to determine the refractive index N of the object from the equation: 


N — +n, where A=the wavelength of the light used, t=the thickness of | 


360¢ 
the specimen (both A and ¢ must be in the same units), and n= the refractive 
index of the mounting medium. 

This method only applies to specimens which produce a phase shift of less 
than one wavelength. When the object is thin but of very high refractive 
index, or thick but of lower index, then a change of more than one wavelength 
may occur. In this case a number of interference fringes will be seen crossing 
the object, and the number of fringes will be equal to the number of wave- 
lengths of retardation produced by the object. 

The following demonstrations will be given: 

(1) The determination of the refractive index of a test object (a glass fibre 
in canada balsam). 

(2) The determination of the refractive index of a muscle fibre mounted in 
serum. 

(3) The determination of the refractive index of a muscle fibre damaged by 
the action of a Coxsackie virus. 


Measurement of ultrasonic absorption in tissue. By H. 8. Hatr1e.p 
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-Rahere rabbits and Merion rats. By W. H. Woopcocx 


A simple method of recording repeated histamine-induced 


bronchospasm in the anaesthetized guinea-pig. By J. P. D. 


THomas and ©. Topp. Department of Physiology, St Bartholomew’s 
Hospital Medical College, London, E.C. 1 


) Guinea-pigs were anaesthetized with 1-1-5 ml./kg intraperitoneal paraldehyde, 


the later ones with inhaled cyclopropane. With a tracheal cannula inserted, 
tidal air was recorded using a ‘circle-type’ closed circuit incorporating two 


_ small Perspex uniflow valves, a low-resistance soda-lime chamber, and a re- 
breathing bag connected to a float recorder. Oxygen flow was adjusted to give 


a steady horizontal record. Intrapleural pressure was recorded via a cannula, 
with lateral holes, that was inserted through the right chest wall and con- 
nected to a mercury manometer or tambour, the pneumothorax being reduced 
to a minimum of about 1 ml. air and tracings obtained on a kymograph with 
smoked paper. Latterly intrathoracic pressure has been recorded in the 
oesophagus using a capacitance manometer. 

Intravenous injections of 1-20g histamine acid phosphate, calculated as" 


base, produced characteristic changes in records of tidal air and intrapleural 


pressure. The sensitivity of the individual animals varied, but normally pro- 


- nounced effects were obtained with 4-8ug. A marked reduction of tidal air 


and a simultaneous increased variation of intrapleural pressure, lasting about 


30sec, denoted a satisfactory bronchospasm. This could be reproduced in > 


identical form, with the given dose of histamine, provided an interval of up 
to 5 min was allowed between injections. 
The effects of antispasmodic drugs such as mepyramine maleate, adrenaline 


HCI, and aminophylline HCl were studied in three ways. 


(a) After repeating a given dose of histamine three times the antispasmodic 
drug was given, and repeated increasing injections of histamine given until a 
response was obtained similar to the first three, thus showing the degree of 
protection. 

(b) After the initial three doses of histamine the antispasmodic drug was 
given, and the initial dose of histamine was repeated at set intervals until the 


_ original response was repeated. In this way the length of time was obtained 
_ during which the antispasmodic drug was effective. 


(c) In a few experiments a slow constant infusion of histamine was given, 
producing a definite degree of bronchospasm; the effectiveness of anti- 


_ spasmodics was then studied on an already induced spasm. 


Using the complete animal physiological responses can be studied, although 


other methods using isolated organs may be preferable for assay purposes. 
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Fifteen million volt linear accelerator for radiobiological research. 
By J. Rorsiat 


Muscle metabolism and the regulation of breathing. By A. G. 
Ramsay. The Institute of Physiology, University of Glasgow 


In the regulation of breathing two components may be distinguished, a blood- 
borne chemical component, and a component known as the ‘exercise stimulus’ 
whose nature is obscure (Grodins, 1950). It is thought that this ‘exercise 
stimulus’ may originate in receptors in the region of the working muscles, and 
some regard these receptors as being proprioceptors sensitive to tension or 
movement. The present experiments investigate the possibility that an increase 
in the metabolic activity of the muscle cells stimulates nerve receptors and 
leads to an increase in pulmonary ventilation. | 

The hind limb of one anaesthetized dog, the recipient, was perfused via its 
femoral vessels with blood from a second anaesthetized dog, the donor (both 
dogs anaesthetized with barbitone, 200 mg/kg). All vascular channels between 
- the hind limb of the recipient and its parent body were occluded. Pulmonary 
ventilation and oxygen consumption were continuously recorded by spiro- 
meter in both dogs. Muscle temperatures in both limbs of the recipient dog 
were also continuously recorded by thermocouple. Into the arterial side of 
the perfusion system was injected 5 mg/kg of 2: 4-dinitrophenol. The metabolic 
rate of the donor dog, together with that of the perfused limb, rapidly rose to 
from two to four times the resting value. As soon as oxygen consumption of 
the donor began to rise, the ventilation of the recipient also rose, although the 
oxygen consumption of the recipient did not change. The increase in ventila- 
tion occurred before any change in muscle temperature could be detected. 
No change in ventilation of the recipient occurred on injection of saline. After 
the sciatic and femoral nerves of the perfused limb had been cut, inj jection of 
DNP caused no change in the ventilation of the recipient. 

It thus appears that an increase in the metabolism of the limb caused the 
increase in pulmonary ventilation; this effect was mediated by nerves. It is 
suggested that there are receptors sensitive to changes in metabolic activity ; 
these may be the site of origin of the ‘exercise stimulus’. 


This work was done in the Physiology Department, Northwestern University, Chicago, U.S.A., 
under the direction of Dr F. 8, Grodins, to whom grateful acknowledgement is made. The 


investigation was supported in part by a research grant from the National Institutes of Health, 
U.S. Public Health Service. 
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Further observations on the rostral portion of the vagina in the 
rabbit. By F. J. Aumonter, K. J. Franxuin and N. E. Winstone 


‘The effect of intravenous infusions upon the heart rate of the 


anaesthetized dog. By J. C. G. CoLermper and R. J. Linpen. 
Department of Physiology, School of Medicine, Leeds 


Experiments were carried out to determine the conditions necessary the the 
elicitation of the Bainbridge reflex. The majority of experiments were per- 
formed on dogs anaesthetized with a combination of morphia, Dial-urethane 
(Ciba) and sodium pentobarbital. Infusions of blood or saline were made into 
the femoral vein; small volumes were infused rapidly, e.g. 50 ml. in 10 sec; 
larger volumes were infused more slowly, e.g. 200-400 ml. were given over 
periods of up to 4 min (Bainbridge, 1915). 


_ Variable changes in heart rate following a oat were produced which 


appeared to be related chiefly to two factors: the volume of the infusion and 
the initial heart rate. Alterations in rate occurred more frequently after large 
infusions. If an alteration in rate was produced its direction and extent 
appeared to be determined by the initial heart rate in that acceleration occurred _ 
when the initial rate was low (acceleration always occurred if the initial rate 
was less than 110/min), whereas slowing took place when the initial rate was 
high (more than 150/min in most cases). In some experiments the initial rate 
changed during the course of successive observations, i.e. a low initial heart. 
rate gradually changed to a higher rate. In these circumstances it was some- 
times possible to show that an infusion which had caused cardiac acceleration 
in the earlier observations later brought about a slowing. On the other hand, 
if the trend was from a high initial heart rate to a low one the reverse occurred. 
_ As far as could be determined the different changes in rate were not related 
to particular changes in arterial blood pressure or respiration caused by the 
infusion, or to the character of the fluid infused. 

The infusion always caused an increase in mean right atrial pressure 
(measured with reference to atmospheric pressure), but a striking feature of 
the majority of experiments was that the greatest change in heart rate did not 
occur at the same time as the peak atrial pressure. In several experiments the 
maximum heart rate occurred over a minute after the end of the infusion when 
right atrial pressure had fallen almost to the pre-infusion level. 


The expenses of this research were partly defrayed by grants from the Medical Research Council. 


REFERENCE 
Bainbridge, F. A. (1915). J. Physiol. 50, 65-84. 
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Calcium and muscle sodium. By R. Crezsz and H. E. Roserrs. 
Department of Physiology, The London Hospital Medical College, E. 1 


Diaphragm muscles exposed to an environment deficient in calcium show, after 
the rapid development of neuromuscular block, a slower and progressive 
diminution in the contractions obtained by direct stimulation of the muscle. 
This functional failure is accompanied by a considerable gain in the sodium 
content of the tissue, and a fall in potassium. 


An exercise experiment under field conditions. By J. V.G. A. Durnin. 
Institute of Physiology, University of Glasgow 


Several well-controlled exercise experiments under laboratory conditions have 
been described in the literature (Taylor, 1944; Erickson, Simonson, Taylor, 
Alexander & Keys, 1946; and others). In recent years there have been few 
similar experiments under field conditions. Also, especially in a form of 
exercise such as grade-walking, there are reasons why climbing on a treadmill 
may not reflect accurately the effects experienced by a subject under more 
natural conditions. 

An experiment is described where the oxygen consumption and energy 
expenditure of two subjects climbing a hillside were determined. Four 
different loads (5, 10, 15 and 20 kg) were carried on two measured gradients 
on Ben Lomond on each of 8 days. By arranging the experiment in the form 
of an 8 x 8 Latin square, the effect of the separate loads on each gradient could 
be found on the two subjects, and any effect due to the different order of 
carrying the loads and to the different days could be eliminated. 

The mean oxygen consumption on a gradient of 1 in 5:7 varied from 
2-22 1./min for the first subject while carrying a 5 kg load to 2-43 1./min for 
the 20 kg load; the corresponding values for the second subject were 2-09 and 
2-44 1./min. The mean energy expenditures for the two subjects were 10-76 kcal/ 
min for the 5 kg load and 12-17 keal/min for the 20 kg load. 

The coefficient of variation for the whole experiment was less than 4%. 
This value is highly satisfactory for a field experiment of this nature and is 


probably as low as could have been obtained had a laboratory treadmill been 
used. 
REFERENCES 


Erickson, L., Simonson, E., Taylor, H. L., Alexander, H. & Keys, A. (1946). Amer. J. Physiol. 
145, 391-401. : | 


Taylor, C, (1944). Amer. J. Physiol. 142, 200-212. 
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Cardiac glycosides and the potassium exchange of human 

erythrocytes. By R. B. and M. Wearueratt. Department 

of Pharmacology, London Hospital Medical College, London, E. 1 
Schatzmann (1953) has shown that digitoxin and other cardiac glycosides 
delay the recovery of normal Na and K concentrations by erythrocytes which 
have been stored in the cold. We have therefore examined the effect of some 
cardiac glycosides on the potassium exchange of normal human erythrocytes. 
Freshly drawn blood, or washed red cells which had been allowed to stand for 
4—5 hr in a dextrose-free medium at 37°, have been suspended in media con- 
taining Na, K, Ca, Mg, Cl, phosphate buffer and usually dextrose; “*K has 
been used as tracer, and the rate of movement of K in and out of the cells has 
been followed for up to 6 hr at 37° and 3 days at 7°. 

Except in the absence of dextrose, there were no great changes in the 
total K content of the cells. The rate of exchange of K decreased slightly 
during the experiments in the normal cells and decreased considerably in the 
presence of digoxin in concentrations from 10-* to 10-5 (Table 1). 

TaBLe l. K exchange of digoxin-treated erythrocytes 
| Per cent of cell K exchanged per hour 


37° 7 
"First Fires  —_-‘First First 
Treatment 2 br 6 hr day 3 days 
Controls 1-90-2-20  1-70-1-95. 0-067 0-051 
Digoxin: 0-01 1:85 1-30 
0-1 0-82 0-47 0-068 0-052 
Laat 0-32 0-23 0-047 0-035 
10 mg/l. 0-25 0-20 0-032 0-023 


_ Inthe absence of dextrose cell K was less well maintained and the rate of entry 
of K was diminished (as in the experiments of Glynn, 1954). In the presence 
of 10 mg/l. digoxin the entry was considerably slower, and was approximately 
the same whether dextrose was present or not. These relations between digoxin 
and dextrose were qualitatively similar in the presence of 2, 4or 12mm K. 

Similar but less detailed results have been obtained with k-strophanthosid 
and digitaline. REFERENCES 


Glynn, I. M. (1954). J. Physiol. 126, 35 P. 
Schatzmann, H. J. (1953). Helv. physiol. acta, 11, 346-354. 


The collagen and elastin content of the arterial wall. By Marcarzt 
L. R. Harkness, R. D. Harkness and D. A. McDonaLp. Department 
of Physiology, University College and St Bartholomew's Hospital Medical 
College, London 

This investigation was prompted by an interest in the distribution of collagen 

and elastin in the body, especially in a tissue, such as the arterial a where 

their physical properties could be studied. 
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Arteries of dogs have been studied throughout. Samples of arteries from 
the same animals were used for the measurement of volume-elasticity curves. 
The aorta has been studied in most detail and the location of samples taken 
was recorded by measuring in situ from the aortic orifice, the diaphragm and 
the bifurcation of the aorta. Samples of large arteries (brachio-cephalic, 
carotid, subclavian, iliac and femoral arteries) and of one small artery, the 
saphenous, have been subjected to chemical analysis. 

Dried samples were autoclaved at 30 Ib./sq.in. for 6 hr. Collagen was esti- 
mated in the solution by hydrolysing it with 6N-HCl and estimating hydroxy- 
proline in the hydrolysate (Harkness & Harkness, 1954). Elastin was 
estimated in the solid residue by treating it with n/10-NaOH for 45 min at 
95° C, washing it thoroughly, and drying to constant weight. This dried 
residue was then hydrolysed with 6n-HCl and hydroxyproline and nitrogen 
estimated in the hydrolysate. 3 

The total elastin and collagen only accounts for a proportion of the dry 
weight that ranges from about 60% down to only 30%. The relative com- 
position of the wall is here expressed as the proportion of elastin to total 
elastin and collagen. In the thoracic aorta there is a high proportion of 
elastin—60-5 % +4-0 (14 samples). In the abdominal aorta the proportion 
is much lower—27-3 % + 6-4 (7). The composition in other arteries studied 
has been much the same as in the distal aorta, e.g. iliac and femoral arteries— 
343% + 10-0 (6). 

The change in composition from thoracic to abdominal aorta takes place 
over a distance of not more than 5cm; from 3 to 4cem proximal to the 
diaphragm to 1 cm distal to it. If, as is usually assumed, the elastin in the 
large arteries is responsible for their elastic properties, this marked dif- 
ferentiation of arterial structure will have an important bearing on our 
concept of the reservoir, or ‘windkessel’, function of the arterial tree. 


We wish to acknowledge a grant from the Nuffield Foundation for this work. 


REFERENCE 
Harkness, M. L, R. & Harkness, R. D. (1954). J. Physiol. 128, 482-491. 


The effect of 5-hydroxytryptamine, tryptamine and indolylacetic 
acid on the release of pigment from beetroot disks. By 
V. R. Pickies. Physiology Department, King’s College, Newcastle-upon- 
Tyne 

It is stated that indolylacetic acid and other substances which regulate growth 

in plants increase the rate of diffusion of pigment from slices of beetroot in 

vitro (Veldstra & Booij, 1949). This is attributed to an increased permeability 

of the cell membranes. From the structural requirements that have been 
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described for plant growth-regulator activity, it might be expected that 
5-hydroxytryptamine would show this effect, and if so, this finding might be 
relevant to the mode of action of 5-hydroxytryptamine in animal tissues. 

The substances to be tested were dissolved in distilled water or in 0-03M- 
phosphate buffer, at pH 6, with the addition of 1% of ethanol which was 
necessary for rapid solution of indolylacetic acid. Batches of twenty disks 
6 mm diameter and 1 mm thick, cut from fresh roots of Beta vulgaris rubra, 
were washed and then soaked in 5 ml. lots of the test solutions for two con- 
secutive periods of 3 and 1-1} hr. The pigment which exuded from the beet 
slices in each period was measured spectrophotometrically at 530 my and 
expressed in each case as a fraction of the pigment exuded from a control 
batch in the same period. The mean values in eight experiments on hydroxy- 
tryptamine (in the form of the creatinine sulphate), tryptamine and indoly]- 
acetic acid are shown in Table 1. All three substances were present in a 
concentration of 100 ug/ml. 


1 

ydroxy- 

tryptamine Tryptamine acid Control 
First 3 hr ee 1-00 1-30 1-00 
Next 1-1} hr 270 1-06 2-22 1-00 


The values for hydroxytryptamine and indolylacetic acid are significantly different from 1-00. 


It is concluded that 5-hydroxytryptamine is at least as potent as indolyl- 
acetic acid in causing pigment release, and more so than tryptamine, which in 
this series had no significant effect though in a concentration of 1 mg/ml. it 
approximately doubled the pigment exudation. The effect with 5-hydroxy- 
tryptamine was detectable at a concentration of 10ug/ml., but not at 1 g/ml. 
In an attempt to differentiate between a possible effect on the cell wall and 
a general toxic effect which might equally lead to release of pigment, the 
oxygen consumption of beetroot slices was measured in the Warburg apparatus. 
Hydroxytryptamine in concentrations of 20, 40 and 80yg/ml. caused no 
diminution in oxygen consumption over periods of 1-5 hr, although it increased 
pigment effusion by 7-60 %. | 
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The potentiation of preganglionic impulses by histamine and 
pilocarpine. By U. TrenpeLensurc. Department of Pharmatology, 
University of Oxford 

Evidence has been presented for the view (Trendelenburg, 1954) that both 

histamine and pilocarpine stimulate the superior cervical ganglion of the cat 

when the normal circulation of the ganglion is intact. The investigation of the 
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ganglionic actions of these two substances has been extended, and it has been 
found that they regularly potentiate the response to submaximal preganglionic 
stimulation. The doses required to potentiate preganglionic impulses are much 
lower than those necessary for stimulation of the ganglion. Whereas ganglionic 
stimulation was observed after injection of 2-20 ug histamine into the central 
end of the lingual artery (during occlusion of the external and internal carotid 
arteries), potentiation of the response to submaximal preganglionic stimu- 
lation has been observed after injection of 0-01-0-1 zg histamine by the same 
route. The potentiation of the stimulation by histamine was found to be 
blocked by mepyramine, and the potentiation by pilocarpine was found to be 
blocked by atropine; potentiation by both substances was found to be 
blocked by cocaine. 

Both histamine and pilocarpine cause a fall of blood pressure followed by 
a rise in the spinal cat. This rise is not only due to liberation of pressor amines 
from the adrenal medulla since it persists after adrenalectomy. The evidence 
given above suggests that the rise after adrenalectomy is due to a transient 
potentiation of vasoconstrictor impulses from the spinal cord as they pass 
the sympathetic ganglia on their way to the vessels. Thus the rise is modified 
in the same way by substances like nicotine and cocaine as is the effect of 
histamine and pilocarpine on the ganglia. 


REFERENCE 
- Trendelenburg, U. (1954). Brit. J. Pharmacol. 9 (in the Press). 


Squalene and other hydrocarbons in human sebum. By R. M. B. 
MacKenna, V. R. Wueattey and A. Wormati. Departments of 
Dermatology and Biochemistry, The Medical College of St Bartholomew’s 
Hospital, London 

In a study of surface skin fat or sebum from the human forearm we showed 
that about one-sixth of this fatty material consists of hydrocarbons. Squalene, 
an unsaturated hydrocarbon (Cy9H;,), was isolated from this sebum in a pure 
state and shown to account for about 5% of sebum (MacKenna, Wheatley & 
Wormall, 1950). A method has been devised for determining the amount of 
squalene in as little as 5 mg of sebum, and it has been shown that sebum from 
the back contains more squalene than does forearm sebum (Wheatley, 1953). 

Considerable interest has been aroused during recent years in the distribu- 
tion of squalene in the animal kingdom, and in its significance as a possible 
intermediate in steroid metabolism. The secretion of squalene in sebum may 
represent the excretion of a metabolic waste product, but there is a possibility 
that this unsaturated hydrocarbon may have an important function as an 
antioxidant and fungicidal agent. A more complete study of the distribution 
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of squalene in sebum-like materials has now been made, and the results of 
these investigations, and others on the possible depilatory action of squalene, 
will be briefly summarized. 

In other investigations it has been found that there is no significant dif- 
ference between the squalene content of sebum from subjects suffering from 
certain skin diseases and normal individuals (Boughton, Hodgson-Jones, 
MacKenna, Wheatley & Wormall, 1954). The application of squalene (or the 
unsaponifiable fraction of shark liver oil) to the skin of subjects suffering 
from psoriasis or eczema had no beneficial effect on the skin condition. 

Other hydrocarbons besides squalene are present in human sebum, and 
the total hydrocarbon content of sebum collected from single subjects or from 
groups of normal individuals shows a wide variation. The functions of — 
hydrocarbons have yet to be elucidated. 
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Mathematical theory of oscillating flow in an elastic tube. By J. R. 
WomersLey. Physiology Department, Medical College of St nicihuoacuaasl 8 
Hospital, London, E.C. 1 


The simple theory previously announced (Womersley, 1954, 1955a) has been 
extended, and the equations of motion solved for a viscous liquid in a thin- 
walled elastic tube. The solution is approximate, applying only to oscillations 
of long wavelength. The expression for the rate of flow is of the same form as 
that already published (Womersley, 1954) but with modified values of M4) and 
e. These are not much affected by different ratios of wall thickness to tube 
diameter (up to 1:5), but are fairly sensitive to the value chosen for the 
Poisson’s ratio (a) of the material of the arterial wall. If the tube is ‘perfectly 
elastic’ (o=4) the flow is some 10-12% greater, and the phase lag between 
pressure gradient and flow some 2° more than for the simple solution for the 
rigid tube. At the other extreme, for a material which does not form a ‘waist’ 
on stretching, the flow is about 5% less than in a rigid tube and the phase lag 
is reduced by about 44°. (These values are for the first harmonic of the dog’s 
pulse in the femoral artery.) These differences are caused by longitudinal 
oscillations of the wall of the tube, generated by the force exerted on the wall 
by the viscous drag of the moving liquid. A full account of this investigation 
is being published elsewhere (Womersley, 19556). This account also considers 
the effect of the viscosity of the liquid on the pulse wave. 

This work has been supported by a Personal Research Grant from the Medical Research Council. 
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Oscillatory flow in arteries: effect of radial variation in viscosity 
on rate of flow. By J. R. Womerstey. Department of Physiology, 
St Bartholomew's Hospital Medical College, London, E.C. 1 


In view of evidence that in an artery the red cells accumulate towards the axis 
(Bayliss, 1952) thus causing a variation in viscosity across it, a study has been 
made of the effect on the simple theory previously announced (Womersley, 
1954, 1955) of some simple laws of variation of viscosity with radial distance. 
If the viscosity varies as an inverse power of the radius, the equation of motion 
can be integrated. The solution for steady flow is, for a tube of radius R and 
a viscosity law =p,(r/R)-, 


and therefore an effective average viscosity jj can be defined, 


= py(1 + 3m). 

For the inverse square law and the inverse fourth power law the solution 
can be expressed in terms of known tabulated functions. The expression for 
the rate of flow is of the same form as that already published (Womersley, 
1954) but with slightly increased values of Mj, and ¢ (except at very large 
values of «, when ¢ is less than for the simple theory). At values of « such as 
occur in the femoral artery the difference is at its highest, of the order of 
8-9 % in Mo and two degrees in e. The general shape of the curves is, however, 
so similar that they can be made almost identical by a suitable sc cose 
of the effective average viscosity. 

It would seem that large radial variations in viscosity have little effect on 
the general form of variation in rate of flow and phase lag with frequency, and 
that quantitatively the experimental results already obtained (McDonald, 
1955) could be fitted by either of these laws of variation. The highest value 
of m (m=4) taken for these calculations corresponds to a velocity profile 


and is very much flatter at the nose and steeper howade the wall, than the 


corresponding Poiseuille profile. It is thought that any variation in eT 
that may occur in practice will be less than this. . 
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Preliminary study of the mechanism of inactivation of vasopressin 
by kidney homogenates. By 8. E. Dicker and A. L. Greznsaum. 
Departments of Pharmacology and Biochemistry, University College London 

Kidney homogenates (1:10 in 0-25 sucrose) were incubated with vasopressin 
(Pitressin, Parke Davis and Co.) in a Mg- and Ca-free Krebs-Ringer phosphate 
buffer solution pH 7-4 for periods up to 2 hr. After stopping the reaction by 
boiling, the preparation was centrifuged at 600g for 10 min and the anti- 
diuretic activity of the supernatant fluid was assayed by intravenous injections 
into rats in ethanol anaesthesia (Dicker, 1953). The antidiuretic activity 
- decreased during the first 60 min, after which it remained constant at a value 
of approximately 5% of its initial activity. The inactivation occurred both in 
the absence and the presence of oxygen. When kidney homogenate was added 
to a solution of vasopressin which had been previously inactivated by kidney 
slices to 20% of its initial activity (Dicker & Greenbaum, 1954), further 
inactivation to a value of approximately 5% was observed. In investigating 
the inactivation process, it was found that vasopressin was bound to. the 
proteins of the kidney homogenate. Fractionation of the homogenate into 
cellular debris and nuclei, mitochondria, microsomes and particle-free super- 
natant revealed that this binding occurred mainly on the proteins of the 
supernatant fraction. Once bound, vasopressin can be fully released from 
the proteins only by boiling in the presence of 0-3% acetic acid. Vasopressin 
which had been previously inactivated by kidney homogenate is not bound by 
fresh kidney homogenate. 

To study the mechanism of vasopressin inactivation, kidney homogenates 
were resolved into their componer*: fractions: (i) cellular debris and nuclei 
removed by centrifugation at 600g for 10 min; (ii) combined mitochondrial 
and microsomal fraction, removed by centrifugation at 38,000 g for 30 min; 
and (iii) the particle-free supernatant. Preliminary results indicate that while 
the fraction containing mitochondria and microsomes reduces the activity of 
vasopressin to about 23°% of the initial level in 60 min, that of particle-free 
supernatant reduces it to about 7 % of the initial level in 60 min. These results 
seem to indicate that the binding of vasopressin is a preliminary to inactiva- 
tion and that the inactivation itself may be brought about by two separate 
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enzyme systems. The binding of vasopressin to the kidney proteins is not 
specific (Heller & Urban, 1935) since similar binding was observed with liver, 


muscle and spleen protein. 
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The response of the guinea-pig ileum to electrical stimulation 
by coaxial electrodes. By W. D. M. Paton. Department of Pharmaco- 


logy (Royal College of Surgeons), Examination Hall, Queen Square, 
London, W.C. 1 


A length of guinea-pig ileum, suspended in oxygenated Krebs sla 

threaded on a platinum electrode. The lower end of the gut is tied on to glass 
tubing into which the electrode protrudes so that it can move freely up and 
down with the intestinal movements; the tubing can be used for connexion to 
a volume recorder. The upper end of the gut is tied securely to fine polythene 
tubing which encloses the upper part of the platinum wire from its emergence 
out of the intestine and up through the bath fluid. The platinum is thus insu- 
lated from the bath fluid, but is in electrical connexion with the lumen of the 
intestine. The platinum wire is made sufficiently long to be attached to a 
frontal writing lever for recording the intestinal movements. A second platinum 
- electrode dipping into the Krebs solution makes the whole bath a diffuse 

external electrode. 

The arrangement permits a fairly uniform excitation to be applied over the 
whole length of the intestine, even if it'is contracting or relaxing, and ensures 
that all the stimulation current applied traverses the intestinal wall. 

Single electrical shocks applied through the electrodes elicit brief twitches 
of the muscle, lasting about 1 sec, this twitch response in the undistended 
preparation has the following properties: 

(1) Its threshold to stimulation with shocks of 0-5 msec duration is about 
1 V, but 5-25 V are needed for a fully maximal response. The threshold i is 

usually slightly lower if the lumen electrode is made positive. 

(2) The twitch can be obtained with square pulses of 50 psec duration; the 

‘chronaxie’ is about 200 psec. 

(3) The twitch is abolished by small doses of atropine (10-*), and is greatly 
augmented and prolonged by eserine 2 x 10-8, or the anticholinesterase com- 
pound 284051, 10-*. It is insensitive to mepyramine, to desensitization to 
histamine or serotonin, or to concentrations of hexamethonium far in excess 


of those required to paralyse the peristaltic reflex. Procaine 10-* reduces the 
twitch response. 
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It is concluded from the character of the strength-duration curve and from 
_ the pharmacological responses that postganglionic nerve fibres are being 
excited, and that there is no evidence for any other than cholinergic activity 
at their endings. 

If the intestine is distended at a pressure of 14-3cm H,0, the twitch 
response becomes irregular in its behaviour, but an emptying reaction can now 
be demonstrated in response to single shocks. This resembles the peristaltic - 
reflex, and is sensitive to ganglion-blocking agents. 

If the ‘emptying’ and ‘twitch’ reactions are abolished by atropine or similar 
drugs, shortening and emptying of the preparation can usually still be achieved 
by considerably lengthening the duration of the shock or by repetitive stimu- 
lation, and the ‘chronaxie’ is now about 80 msec. 

It appears possible, therefore, by this type of excitation to elicit, and 
distinguish, in a single preparation, excitation of preganglionic, postganglionic 
and effector cell structures. 


- Haemoglobin E and Blood Groups in the Veddas. By Jean A. E. Grarr, 
ELIZABETH W. H. Lenmann, A. E. Mourant, Dorotuy M. Parkin 
and R. L. WickremasinecHE. Department of Pathology St Bartholomew’ s 
Hospital, London, Blood Group Reference Laboratory, M.R.C. London, 
and Medical Research Institute, Colombo, Ceylon 


As a sequel to work on blood groups and sickle cells in South Indian aboriginal 
tribes (Lehmann & Cutbush, 1952), we have examined blood samples from 
nine pure or almost pure Veddas from Ceylon. Five are group B and four 
group QO; eight are of the RA phenotype CC Dee (probably R,R,) and one CcDee 

Paper electrophoresis of the haemoglobin showed seven to be homozygous 
for normal adult haemoglobin and two heterozygous for this haemoglobin and 
the E variant. Haemoglobin E has hitherto only been found in one American 
(Itano, Bergren & Sturgeon, 1954) of partially Asiatic origin (Sturgeon, personal 
communication) and in the Siamese (Chernoff, Minnich & Chongchareonsook, 
1954). 

The absence of the genes for blood group antigens A and Rhesus E and for 
sickling from this series, small though it is, suggests a relation to the Todas 
and Kotas of South India rather than to the so-called Veddoids. The presence 
of haemoglobin E here and in Siam raises wide anthropological issues. ; 


REFERENCES 


Chernoff, A. I., Minnich, V. & Chongchareonsook, S. (1954). Science, 120, 605. 
Itano, H. A., Bergren, W. R. & Sturgeon, P. (1954). J. Amer. chem. Soc. 76, 2278. 
Lehmann, H. & Cutbush, M. (1952). Trans. Roy. Soc. trop. Med. Hyg. 46, 380. 


‘ 
Ag 
Pes, 
4 
ag 
> 
+ 
a 
a6 
a 
, 


42P PROCEEDINGS OF PHYS. SOC., 10-11 DECEMBER 1954 
The source of the acid in the urine of man. By J. N. Hunr 


Sex variations in the growth response of kittens to dietary 
penicillin G. By Cecrtia D. Dickinson and Patricia P. Scorr 


The excretion by the dog of administered sodium chloride. By 
W. J. O'Connor 


Urine outputs during pregnancy in rabbits. By K. J. FRANKLIN and 


The absolute light-sensitivity of the planarian worm Dendro- 
coelum lacteum. By H. C. Marriort and M. H. Prrenne. 
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_A three syringe constant injection apparatus. By A. CuurcH and 
| J. W. Riper. Ophthalmological Research Unit, Medical Research Council, 
Institute of Ophthalmology, Judd Street, London, W.C.1 


This apparatus was designed to inject up to three animals at the same time and 
_ at the same or different rates of injection. The rate of injection is variable over 


a very wide range. 
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The main drive (A) is rotated by two sets of worms and worm-wheels 
(Band 0), each giving a 16:1 reduction which in turn are actuated by a fric- 
tion driven plate (D). The position of the friction drive for this plate (EZ) is 
K continuously variable over the whole radius of the plate whose angular velocity 
zis — correspondingly variable. The friction drive is connected to a 
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4 rev/min mains-operated clock motor (F) through interchangeable 1:1 or 
5:1 (increase) gears (@). Connected to the main drive through 2:1 reduction 
spur gears (H) are three racks and shafts (K) (only one is shown in the diagram) 
- which push on the syringe plungers. Each rack and shaft is independently 
driven and may be used with either or both its fellows since each is fitted with 
a cork friction clutch (L). Further control of the rate of injection is available 
by using syringes of larger or smaller bore or by replacing the sane drive 
wheel (#) by one of different radius. 


A portable apparatus for the measurement of skin conductivity. 
By J. Ri Brown and K. N. Brown. Department of Applied Physiology, 

_ London School of Hygiene and Tropical Medicine 
The apparatus is a modified form of that used by Barcroft & Hamilton (1948) 
to demonstrate evidence of sympathetic activity. They considered that ‘the 
resistance to the passage of an electric current is almost entirely in the skin 
and is determined mainly by the activity of the sweat glands due to nervous 


Subject 


P, 


Fig. 1. Circuit of portable apparatus for the measurement of skin conductivity. S,, on-off 
switch. §,, switch for calibration. P,=25 K, P,=0-5 K, P,=0-5 K, R=1 K. M,=0-5mA, 
M 2 =0-100 pA. 


excitation mediated by the sympathetic (Richter, 1946)’. The present ap- 
paratus has been used to demonstrate the onset of thermal sweating. It is 
a portable unit with a direct-reading scale and contains a means whereby the 
calibration of the scale may be easily checked. 

The circuit diagram of the apparatus is given in Fig. 1. 

For calibration, P, is adjusted so that there is a potential drop across R of 
2:5 V (indicated by a reading of 2-5mA on M,) with S, closed and P, at a 
maximum. The microammeter M, is thus brought into the circuit, and by 
means of the shunt P; half the available 100 1A passes through M,. (The original 
scale of M 2; 0-100, has been erased and the calibration saath 0-200.) Since 
the scale of M, has been doubled it will now read 100 »A—the true current 
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chase ty The potential drop across R is now increased to a maximum and 
P, adjusted to give a full-scale deflexion of 200 »A on M. a indicating that the 
total current through S, is now 200 nA. 

When in use S, is opened, and any alteration of the electrical resistance 
of the skin of the subject will be indicated by changes in the readings given 
by M,. Different values of standard resistance have been placed across S, and 
the coincident readings of M, taken. From this a table has been prepared 
showing the electrical conductivity values as represented by the readings on 
M,. It is necessary to check the calibration from time to time, and this may 
be done by closing S,. If a reading of 200 wA is not obtained on M, then 
necessary adjustments of P, and P, must be made. 7 


REFERENCES 
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_ Mechanical equipment and experimental methods used in the 
: investigation of group requirements for ventilation and 
3 thermal comfort. By T. C. Aneus and D. E. Hicxisx 


The relationship between changes in the electrical conductivity of 
the skin and the number of active sweat glands. By J. R. Brown 


A Miller photoelectric pulse counter adapted for remote Fecoremng. 
By R. M. Bevsin 


; Electrical impedance of the Jason element as an index of atmos- 
| pheric humidity. By R. C. Hovusiip and C. R. UnpErRwoop 


: A modified form of the ionization anemometer. By J. EH. Lovetock 
and W. L. WELMAN 


g _ The measurement of the effect of mosquito nets on ventilation and 
: thermal comfort. By L. M. Croton and G. P. CrowpEen. Department 
of Applied Physiology, London School of Hygiene and Tropical Medicine, 
London, W.C. 1 
if _ In the photograph (Fig. 1) a synthetic fibre mosquito net is shown in position 
over a couch in the centre of which a silvered Kata-thermometer and a silvered 
thermometer are suspended for the measurement of air movement. 
_ The fan was operated behind the head and in front of the foot end of the net 
as well as at the side, and in other tests a ceiling fan of the type commonly used 
in the tropics was also used. The fans were run at slow and fast speeds. For 
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each position and for each fan speed the air movement over the couch was 
measured with and without the mosquito nets in position. 

It was found that, taking the mean for all positions of the fan, the sednotion 
in air movement caused by a cotton mosquito net was twice as great, viz. 70%, 
as that caused by a net of similar mesh woven from synthetic fibres. 


Fig. 1. Mosquito net of synthetic fibre with a silvered Kata-thermometer and a silvered thermo- 
meter in position for the measurement of air movement created by the fan. 


The effect on thermal comfort of such variations in air movement has been 
calculated in terms of basic effective temperature. 


The measurement of relative humidity and vapour pressure near 
the skin. By L. W. Puipps, E. T. Renpourn and P. F. Taytor. Clothing 
and Equipment Physiological Research Establishment, Ministry of Supply 

The literature on temperature measurement at the skin or between clothing is 

extensive, but little appears to have been published concerning humidity and 

vapour-pressure measurement (Krogh, 1948; Rubner & von Lewaschen, 1896; 

Mellanby, 1932; Hill, 1914; Lee, 1946; Ogden & Rees, 1947). 
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After considerable experimentation a robust humidity-sensitive element 
was constructed in the form of a film consisting of a mixture of partially 
hydrolysed polyvinyl alcohol and dilute solution of lithium chloride (Dunmore, 
1939), suspended between two electrodes of 26 s.w.c. palladium wire approxi- 
mately 3 mm apart, and supported by an annular ring of polythene, internal 
diameter 14 mm, external diameter 20 mm. 

The electrical resistance of the film is a function of the relative humidity and 
temperature. The response of the elements as used with a Short & Mason 
resistance indicator (100 K to 25 MQ range) was such that a single element was 
effective only over a range of approximately 20% r.h. at constant temperature. 
The resistance decreased with increasing temperature and humidity. However, 
the use of 0-5 % lithium chloride solutions gave films of sensitivity such as to 
_ cover the whole of the r.h. scale over the temperature range 15:5-37-8° C. Within 
this range the characteristics of the elements were studied. 0-1% solutions 
were required for humid conditions, with progressively higher concentrations 
as the humidity decreased. Above 37-8° C the film softens, and when in direct 
_ contact with water is ruined. A copper-constantan thermocouple was attached 
to the polythene frame for the measurement of temperature so that approxi- 
mate calculations could be made of vapour pressure. The elements were cali- 
brated against aspirated wet- and dry-bulb thermometers in a thermostatically - 
controlled cabinet, and, after an initial ageing period of 2-3 weeks, calibration 
curves were repeatable to +1%r.h. It has subsequently been observed that | 
calibration changes occur over @ period of 18 months in elements exposed 
continually to the laboratory environment. 

With regard to the application of these elements to physiological studies 
experiments were made on a normally clothed subject sitting quietly in the 
laboratory. The subject wore a close-fitting woollen harness, to the underside 
of which were attached the elements at the sites shown below. Elements were 
about 2 mm from the skin surface. 

The units were plugged into a belt worn around the waist. After about 1 hr 
steady readings were obtained. Results from two experiments are given in 
Table 1. 


| 
Above L. lower Below I. Centre 
r, nipple ribs Abdomen __ scapula back Laboratory 

rh. (%) 30-0 28-3 38-7 28-6 29-0 40 
Temp. (° C) 33-0 33-7 35-9 33-9 32-4 21-1 

TABLE 2 

Between Vest Shirt and Pullover 
skin and vest and shirt pullover andjacket § Laboratory 
r-h. (%) 38 40 40 42 50-6 
Temp. (° C) 35-4 33-5 32-6 30-9 26-4 
Water v.p. mm Hg 16-40 15-51 14-86 14-08 13-18 
Water v.p. 
0-849 0-807 0-761 
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~ It can be seen that humidities were low and between 28 and 39%. This con- 
firms the results of Ogden & Rees (1947). Gradients between skin and clothing 
are given in Table 2. 
These results support the observations of Pierce & Rees (1945, 1946) that 
water vapour pressure | 
absolute temperature © 
Published with the sanction of the Chief Scientist, Ministry of Supply. 
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A strain-gauge dynamometer for the measurement of the strength 
of isometric contraction. By H. D. Darcus. Medical Research 
Council Unit for Research on Climate and Working Efficiency, Department 
of Human Anatomy, University of Oxford 

A strain-gauge dynamometer has been developed to measure the strength of 

voluntary isometric contraction (Darcus, 1951, 1953). The principle of the 


apparatus is that the subject endeavours to rotate a spindle which coincides 


with the axis of the attempted movement. The tension exerted is resisted by 
a spring-steel bar, one end of which is attached at right angles to the spindle 
and the other to a rigid metal plate, which also supports the spindle. The bar is 
bent in proportion to the torque applied, and the degree of this deformation is 
measured by the change in the electrical resistance of two strain gauges 
cemented to either side of the bar. These form two arms of a Wheatstone 
bridge circuit, powered by a 25 V d.c. supply. The output resulting from the 
stretching or compressing of the gauges is connected directly to a galvanometer 
of varying sensitivity ranges. At the maximum voltage and galvanometer 
sensitivity, a torque of 0-025 kg-m gives a deflexion of the light spotof lcm. At 
the other limit, accepting a maximum spindle rotation of 2°, 5 kg-m also 
produces a defiexion of 1 cm. Thus, taking a recording of 0-5 cm as the smallest 
that can be read accurately and 10 cm the largest allowed by the galvanometer, 


the sensitivity ratio of the apparatus is 1:4000. At all ranges of galvanometer 


sensitivity, the recordings, for practical purposes, are linear, both when the 
voltage is increased with a fixed i and when the torque is increased with 
a fixed voltage. 
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The dynamometer assembly is mounted to a stand so that its angular position 
plane and height can be readily altered. Various attachments have been devised 
to fix that part of the limb being acted upon by the muscular contraction. Apart 
from transferring the torque exerted to the spindle, these attachments are 
necessary to preserve the relationship of the limb above and below the joint 
around which the torque is being developed and to maintain the correspond- 
ence between the axis of the spindle and that of the attempted movements. 

The apparatus has been used to measure the maximum voluntary isometric 
contraction in different joint positions of the groups of muscles acting in the 
following movements: pronation and supination of the hand (Darcus, 1951; 
Salter & Darcus, 1952); flexion and extension of the elbow (Provins & Salter, 
1955); flexion and extension (Provins, 1955a), abduction and adduction and 
medial and lateral rotation of the shoulder; flexion and extension of the knee, 
and plantar and dorsiflexion of the foot. It has also been applied to the 
measurement of the maximum torques that can be exerted on steering wheels 
by flexion and extension of the elbow and shoulder (Provins, 19555). Clinically, 
it is being used to assess the strength of weakened muscles, where it has the 
advantage of being able to record contractions before they are strong enough 
to move the limb. Studies have also been made with this dynamometer on the 
effects of repeated maximum contractions in norma! subjects and in patients 
with various muscle weaknesses on the strength of the muscles. 
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An oro-nasal mask. By R. G. Epwarps*. Clothing and Equipment Physio- 
logical Research Establishment, Ministry of Supply, Farnborough, Hants — 


This mask was developed for use in field studies of the energy expenditure of 
adult males. The shape was based on that of an oro-nasal pressure oxygen 
mask described by Goorney (1953). The characteristics of this design are the 
shaping of the contours of the mask in contact with the face on the naso-labial 
folds, the nasion and the incisive fossae, thus eliminating the inclusion of the 
chin in the mask. The incorporation of a malleable section over the bridge of 
the nose allows this section to be moulded to the shape of the nose. The 
reflected edge is rounded into a soft thin flap projecting internally in the mask 
cavity and abutting against the skin when the mask is applied to the face. 


* Present address: Medical Research Council Unit for Research on Climate and Working 
Efficiency, Department of Human Anatomy, Oxford. 
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This internal flap increases ie ‘bealing by ballooning against the skin asthe 


internal pressure increases. 

As the mask does not cover the chin, the dead space is reduced to 100 ml. or 
less; the actual value depending on the contours of the subject’s face. The two 
inlet valves and the outlet valve are mushroom shaped rubber mouldings. The 
mask was produced by Veedip Limited, Slough, by a latex dipping process. 
The total weight with valves and harness is 160 g. 


It was possible to obtain a leak-proof seal with the mask fitting comfortably — 


in 95% of the adult male subjects, and in the remaining 5%, the sealing could 
be made effective by tightening the head straps but there was a decrease in 
mask comfort. In every case where comparison was made, the subjects 
preferred the mask to the conventional mouth gag and nose clip. The reasons 
most frequently given for this preference were that the mask was ‘more 
pleasant to wear’ and that, unlike the mouth gag, the subjects were able to 
swallow saliva and speak when wearing the mask. The subjects, who were both 
Service men and civilians, were able to carry out most of their ordinary 
activities when wearing the mask. 


This paper is published with permission ofthe Chief Scientist, 
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An experimental oxygen box to give concentrations up to 95% O, 
and incorporating humidifying and cooling devices. By Brenpa 
Morrison. Wright-Fleming Institute, and Paediatric Unit, St Mary’s 
Hospital, London, W. 2 


This apparatus has been designed for use in babies suffering from respiratory 
(mainly bronchiolar) obstruction too severe to be relieved by the concentra- 
tions obtaining in an ordinary oxygen tent. Hypoxia of varying degrees was 
studied in infants and children suffering from acute respiratory infections, and 
in a number of cases was found to be incompletely relieved by oxygen con- 
centrations of 38-50% (ordinary tents). In these cases, however, it responded 
quite dramatically to concentrations of 80-95%. 

Experimental O, box. This consists of a Perspex box with a plastic apron 
attached around the foot which can be tucked under a mattress. The main 
differences from the canopy type tent are (a) the smaller size which enables 
a more rapid rise in QO, concentration and (b) the rigid material which diminishes 
leaks and ensures a higher maximum concentration of 0,. The diagram shows 


the difference at an O, inflow of 5 1./min between this box ae the standard 
tent (both empty). 
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Other of the experimental box are: 

~~ (1) The main oxygen supply is run through a humidifier of the Venturi type 
(standard Oxygenaire equipment), enabling a high humidity in the region of 
80% or over to be maintained inside the box; this is very important in 
reducing the distress of the infant with acute tracheobronchiolitis. 
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80 
70 
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40 
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Minutes 
(2) If a total oxygen inflow of 8-10 1./min is maintained the carbon dioxide 
does not rise above 0-5-0-6% even when children up to 1} years old are 
treated. 
(3) Cooling of the oxygen in the box to room temperature is obtained by 
circulating it through a refrigerated chamber (Oxygenaire cooling device) as 
necessary, by use of a second oxygen supply, again using the Venturi principle. 


A heart-lung machine for use in man. By D. G. Department 
of Surgery, Postgraduate Medical School of London 


Further advance in cardiac surgery demands that direct access to the heart be 
possible. In order to achieve this it is necessary that the circulation be 
excluded from the heart, the body’s demands being met during this time by an 
extracorporeal circulation. A machine for this purpose was described else- 
where (Melrose, 1953). Now modifications resulting from extensive trials of 
this apparatus have resulted in the production of a second prototype. 

The new machine is housed in one trolley measuring approximately 
3x3x2ft. On it is an oxygenator essentially similar to that described 
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previously but with additional capacity. It is at present made of ‘Perspex’ 
but is to be constructed of non-wetting plastic material capable of with- 
standing autoclaving. With the oxygenator are two pumps capable of circu- 
lating blood at more than 61./min. These pumps, of novel design, produce 
a pulsatile flow comparable in form with that of the ventricle (Fig. 1). Their 
action is to squeeze a straight plastic tube between two metal plates. One 
plate acts as a backstop against which the other plate compresses the tube. 
The pumping plate is driven by a cam shaft which imparts an undulating move- 
ment to it. The backstop can be moved towards or away from this moving plate 
and hence the amount of compression can be varied. This adjustment can be 
produced by manual rotation of a shaft or by energizing a small electric servo- 
motor which can be driven in one or other direction. Hence the stroke volume 


backstop 
Plastic tube 
/ 
Qutlet valve 
plate 


‘ale: valve 


Outlet valve cam cams 
7 Fig. 1. Pump in diastole. 


of the pump can be altered and it has been arranged that this alteration is 
between zero and 100 ml. per stroke. At 72 pumping strokes a minute the 
output is thus controlled between zero and 71./min. It has been found in 
practice, however, that full compression is best avoided and the effective out- 
put restricted to 51./min. The valves are essentially miniature versions of 
the pumping plates and completely occlude the tubing at appropriate points in 
the pumping cycle. The cams operating them are arranged to provide a dia- 
stolic filling time of 55% with a systolic emptying time of 33%. The action of 
the new pumps is considerably less traumatic than that of the roller pumps. 
For example, it has been found that the plasma haemoglobin in citrated pigs’ 
blood after circulation at normal pressure through both pumps and the 
oxygenator for 2 hr at 2 1./min increased by only 2 mg/100 ml. 

As no two pumps can be relied upon to deliver constantly matched outputs, 
it is essential that their rates should be controlled from the blood volume 
within the artificial circulation. 

A true indication of the total volume of blood in the machine is readily given 
by the level of fluid at the lower end of the oxygenator. Automatic control can 
be achieved by sensing this change. A brass disk separated from the pool of 
blood at the lower end of the en by a Perspex disk of 1 mm thickness 
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forms an electrical condenser and changes in mean level produce appropriate 
changes in capacity. The unbalance is detected by a sensitive electronic device, 
which, in turn, energizes the servo-motors and thus adjusts the stroke volume 
of the pumps. The direction in which the servo-motors move is such that if the 
stroke volume of one pump is raised the other is lowered; thus the complete 
circuit is self-balancing and always adjusts itself to keep the blood level 
constant. A single calibrated potentiometer control sets the stroke volume of 
both pumps simultaneously. 

An important improvement has been realized in the method of operation of - 
the new apparatus. Control can now be carried out in three steps: 

(a) fully manual without the use of electricity ; | 

(6) manual with the use of a.c. mains only; 

(c) fully automatic. 

The change-over from one step to the other can be carried out without any 
delay. 
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The use of solid CO, as a refrigerant in a climatic chamber of 
light By L. M. Croron, G. P. CROWDEN and D. E. 
HIckIsH 


- The relief of central cyanosis due to venous admixture by 
| reconstitution of the ductus arteriosus. By G. V. R. Born, 
G. 8. Dawes, Joan C. Morr and Barpara R. Rennicx. The Nuffield 
Institute for Medical Research, University of Oxford 

Inthe newborn lamb occlusion of the ductus arteriosus causes a fall in systemic 
arterial O, saturation. Consideration of the flow of blood and oxygen through 
the lungs showed that if the systemic arterial 0, saturation were reduced by | 
venous admixture, it should be increased by reopening the ductus arteriosus, 
according to the following equation: 


=100- 


100—C, 


B 

where ©, and C, are the arterial O, % saturations before and after opening the 
_ ductus, and f is the factor by which pulmonary blood flow has increased. This 
- equation should hold if the oxygen consumption and the relative vascular 
resistance of different portions of the lung are constant, and if functional 
alveoli raise blood to 100% saturation. 
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The validity of this proposition has been tested by causing central cyanosis 
in dogs by obstruction of the bronchi to one or more lobes of the lung. Recon- 
stitution of the ductus arteriosus by joining the left subclavian artery to the 
pulmonary trunk raised the systemic arterial saturation by an amount which 
agreed satisfactorily with that which had been predicted. Reconstitution of 
the ductus might therefore be of therapeutic value in lesions of the lung 
which cause central cyanosis by venous admixture. 


Renal clearances of creatinine and p-amino-hippurate in normal 
pregnancy and toxaemia of pregnancy in the sheep. By 
H. B. Parry and W. H. Taytor. Nuffield Institute for Medical Research 
and the Department of Clinical Biochemistry, Radcliffe Infirmary, University 

of Oxford | 
Renal clearances, using a single-injection technique, have been determined 
without anaesthesia in ten normal pregnant sheep, five with toxaemia of 
pregnancy induced experimentally (Parry, 1954) and seven with spontaneous 


Tas.e 1. Renal clearances of creatinine and p-amino-hippurate in norma] pregnant and 
2s aN toxaemic pregnant sheep (number of observations in brackets) | 


Normal sheep Toxaemic sheep t test 


Mean +8.D. Mean +8.D. P= 

Endogenous creatinine: 

ml./min 104417 (8) 50+ 25 (15) <0-001 

ml./kg body wt./min 1-2+0-37 (7) 0-62 + 0-30 (10) <0-001 
Exogenous creatinine: 

ml, /min | 135+38 (8) 54+ 26 (13) <0-001 

ml./kg body wt./min 1440-33 (6) 082.4. 0-38 (13) <0-01 
Effective renal plasma flow: | 

ml./min 506+ 135 (10) 290 + 135 (14) <0-001 

ml./kg body wt./min 6-1+1-6 (8) 4-0+1-6 (12) <0-01 
Renal blood flow: 

ml./min 773 + 192 (10) 4644171 (13) <0-001 

ml./kg body wt,/min 9-3+2-1 (8) ‘6942-3 (12) <0-05 
Exogenous creatinine/ 

renal blood flow ratio 0-18+0-044 (8) 0-12+0-018 (12) <0-01 


toxaemia. The identity of the experimental and spontaneous disorders has 
already been established, and no significant differences of renal clearance were 
observed between them. 

Endogenous and exogenous creatinine clearances, renal plasma flow and 
renal blood flow are significantly lower in the toxaemic animals, when measured 
absolutely and per kg body weight (see Table 1), or per g kidney weight. The 
change is particularly marked in the creatinine clearances, Provided that the 
exogenous creatinine clearance may be used as a measure of glomerular filtra- 
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tion rate in the sheep (Shannon, 1937), the filtration fraction may be calculated 


and is again significantly lower in toxaemic sheep than in normal pregnant 
animals, 
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Circulatory reactions to postural change as an index of heat 
stress. By J. R. Brown and P. F. Taytor. Department of Applied 
Phystology, London School of seca and Tropical Medicine, London, 
W.C. 1 

Crampton (1920) published a range of indices of circulatory efficiency based on 

changes in systolic B.P. and pulse rate occurring when the individual assumes ~ 

an erect posture after reaching stability in the recumbent position. The present 
communication deals with changes in the Crampton index of resting and 
working subjects observed under varying conditions of heat and humidity and | 
constant air movement, collectively expressed in terms of corrected effective 
temperature. In the assessment of thermal comfort and heat stress an arbi- 
trary scale of subjective thermal sensations derived from the scales used by 

Bedford (1936) and Crowden & Lee (1940) has been used. The onset of sweating, 

indicated by changes in the electrical conductivity of forehead skin measured 

by the method of Barcroft & Hamilton (1948), has been observed and used as 
an additional indication of heat stress. 

Six subjects were used in this investigation, and an analysis of the results 
has shown that there is a very high degree of correlation between changes in 
the Crampton index and changes in corrected effective temperature of the 

environment to which they were exposed. During the performance of muscular 

_ work, the rate of fall of the Crampton index with increasing corrected effective 
temperature is greater than the rate of fall of the index when the subject is at 
rest. The results indicate that there is a significant correlation between changes 
in the Crampton index and the sum of the numerical marks assigned to the 
sensations of heat and of moisture. (Mean value for r= —0-82 (range — 0-746 
to — 0-923 for a total of 391 observations):) The correlation coefficients were 
computed from data for all subjects. Such a high degree of significance 
demonstrates the relationship between the physiological reactions involved 
and the purely subjective sensations experienced, rai, ame of the state of 
activity. 

During work a marked change in electrical conductivity of forehead skin 
due to thermal sweating occurred when the corrected effective temperature 
(normal scale) reached 80-5° F (s.p. 3-6° F) [26-9° C (s.p. 2-0° C)]. Below this 
range of temperature the forehead skin generally felt dry, but slight increases 
in skin conductivity were observed before visible sweat appeared. 
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The results of this investigation indicate that the Crampton index can be 
used for assessment of changes in physical state or fitness of individuals 
exposed to conditions of increasing temperature and humidity. There is 
a statistically significant correlation between changes in the Crampton index 
and combined sensations of heat and moisture. The absolute values of the 
Crampton index are not considered significant as a wide range of initial values 
was found. Marked decrease in the initial Crampton index value, e.g. 25% 
has been found to be associated with the development of thermal stress as 
indicated by sweating and subjective sensations of fatigue. 

The expenses of this research were partly defrayed by a grant from the Department of Scientific 
and Industrial Research. 
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The effects of mosquito nets of cotton and synthetic fibres on 

ventilation, thermal comfort and illumination. By L. M. Croton 

- and G. P. Crowpen. Department of Applied Physiology, London School 
of Hygvene and Tropical Medicine, London, W.C. 1 


It has long been recognized that thermal discomfort caused by the reduction 
in air movement due to mosquito nets discourages their use in the tropics 


(Macarthur, 1923). Observations in West Africa in 1945 showed that when © 


ee Fig. 1. Mosquito netting, x 5. (a) Cotton, (b) Synthetic fibre. 


a cotton net was placed in position over a bed in a hospital ward the air move- 
ment over the patient was reduced from 80 to 10 ft./min (Crowden, 1947). 
While the thickness of the thread used determines the number of holes of the 
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required size which can be provided per sq.in. of netting, the nature of the 
thread, whether cotton or synthetic fibre, has been shown materially to affect 
the circulation of air through the net and the penetration of light. 

Measurements of air movement and illumination with and without new nets 
of cotton or synthetic fibres over a bed have shown that: (i) a cotton net causes 
a 70% reduction in air movement as against 35 % by a net of similar mesh made 
from synthetic fibres, the difference being accounted for by the fact that fine 
fibrils of cotton tend partially to occlude the apertures in the cotton net 
(Fig. 1a); and (i) a cotton net causes a reduction in illumination of 8S 
mately 33% as against 16% by the synthetic fibre net. 

Thermal discomfort tends to become acute, even at rest, and conscious 
sweating profuse when the basic effective temperature of the environment 
reaches 80° F. As an indication of the significance of the findings in respect of | 
air movement to thermal comfort in the tropics when mosquito nets are used, 
the following calculations have been made for air temperatures of 85° F dry 
bulb, 80° F wet bulb and air movement of 200 ft./min created by a fan. 


Basic effective 
Condition and air movement temperature (°F) 
Fan off Still 81-5 
Fan on 200 ft./min 77-0 
Under cotton net 60 ft./min 80-0 
Under synthetic fibre net 130 ft./min 78-5 
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Clinical thermometry. Regional differences and times for equili- 
bration of thermometer. By B. D. Lewis and E. T. Rensourn. 
Clothing and Equipment Physiological Research Establishment, Mi imastry of 
Supply 


Among the problems of clinical thermometry are the time venniiaa for 
equilibration of the thermometer, and the significance of regional temperature 
differences. Data on these points were obtained from six normal men after 
(a) 30 min rest or (b) 30: min step climbing in a climatic chamber at corrected 
effective temperature about 68° F. Men wore the same clothing. Rest, work 
and measurements were carried out as a drill. Temperatures were taken 
simultaneously, centrally below and/or above the tongue, in the apices of 
both axillae, and in the rectum. Readings were done at 2}, 5 and 10 min. 
_ Thermometers were read quickly, checked by a second observer, and rapidly 
replaced without disturbing the closed mouth or axillae. A slit in the trousers 
_ allowed convenient replacement in the rectum. Resting readings were taken 
in most cases four times daily between 9 a.m. and 4 p.m. Since the times of 
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recording varied somewhat, results for individual days were separately analysed 
and pooled if variance was homogeneous. The variance analysis model assumed 
that men and times were random effects, but position of thermometers and 
duration of recording systematic. 

Variance analysis of ‘resting’ data of rectal and oral temperature, showed 
significant man to man differences (P<1%), but this was not consistent 
between times of the day. A small diurnal rise was found for rectum, mouth 
and axilla, but this was not always significant. Significant differences were 
invariably present between these positions, with rectal highest and axillary 
temperature lowest. In no case was the oral temperature higher than the rectal. 
Mean resting rectal-oral difference was 0-8° F, but this was not consistent from 
man to man. Regression analysis of oral on rectal temperature showed overall 
a significant correlation r= +0-20, P<5%, but regression lines differ between 
men although slopes are not significantly different. 

For duration of recording, analysis showed significant differences (P < 1%) 
with evidence suggesting that ‘resting’ readings reach within 0-2° F of final 
reading after 24 min (rectal), 5 min (oral), but with axillary temperatures 
rising appreciably at 10 min. In the case of axillary temperature, the mean 
difference r.—1l. was 0-2° F, with a mean difference of 0-1° F at the 10th min. 
All men were right-handed. However, in no case was the difference significant. 
‘Mean rectal-axillary differences were 2-2° F at 24 min, 1-9° F at 5 min and 
1-6° F at 10min. Analysis of readings above and below the tongue showed 
a mean difference of 0-5° F at rest, rising significantly to 0-7° F after activity. 

Published with the sanction of the Chief Scientist, Ministry of Supply. _ 


Physiological data derived from a trial of a water impermeable- 
water vapour permeable garment. By J. Drapzr, A. M. Reip 
and EK. T. Rensourn. Clothing and Equipment Physiological Research 
Establishment, Ministry of Supply | 

“Vapotex’, a specially prepared thin rubber coating on a light-weight cotton 

base cloth, is permeable to water vapour. To test its physiological value, 

smock and trousers of identical design and size were made from an oilskin 
cloth, two types of Vapotex material (‘heavy’ and ‘light’), and from the base 
cloth of the Vapotex. 

_ An experiment involving four men working in a climatic chamber (corrected 
effective temp. 78° F, 25-5° C) was arranged as follows: 28 min preliminary rest, 
21 min stepping at a controlled rate, 7 min rest, 21 min stepping, final 28 min 
rest. The following measurements were taken after the preliminary rest period, 
after second work period and final rest period: (a) pulse rate, (b) rectal 
temperature by thermocouple, (c) skin temperature at five points by thermo- 
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couple. Sweat loss over the whole experimental period was also measured. The 
following were calculated : (1) post-work and change in mean skin temperature 
(M.8.T.), (2) post-work and change in mean body temperature (m.B.T.). The ex- 
periment was designed in the form of two 4 x 4 Latin squares and data analysed 
by variance analysis with F and ‘?’ tests. 

Analysis showed significant differences in post-work measurements 
(P<0-1%) and in sweat loss (P<1%). Further analysis by ‘t’ tests showed 
that post-work m.s.T. differentiated (P<0-1%) between all four garments 
and placed them in the order: base cloth, ‘light’ Vapotex, ‘heavy’ Vapotex, 
oilskin. Post-work pulse rate differentiated (P<0-1%) between the three 
types of garment but not between varieties of Vapotex, and a similar result 
was found for post-work rectal temperature (P < 1%). To obtain an indication 
of the relative sensitivity of the variates in measuring heat strain, ‘t’ values 
(for base cloth and oilskin) were compared on the assumption that the most 
sensitive measures were those associated with highest values. Results sug- 
gested that (1) post-work measurements are more sensitive than difference 
measurements, (2) all variates are separately capable of showing the large — 
differences between the very permeable base cloth and the completely im- 
permeable oilskin, (3) M.s.T. is the most sensitive measure followed by M.B.r., 
rectal temperature and finally sweat loss. Analysis of the post-work period 
showed that skin temperature was again more sensitive than pulse or rectal 
temperature. 

A significant day-to-day variation was found over the first 5 days of the trial 
(Monday to Friday) for post-work values of pulse (P<5%), m.B.t. (P<1%), 
and M.s.T. (P<0-1%), but not for other variates. A significant regression 
(non-linear) was found only for mean skin temperature. The acclimatization 
showed impairment over the non-duty week end. 


Published with the sanction of the Chief Scientist, Ministry of Supply. 


The effect of hypothermia on baroceptor and chemoceptor reflexes. 
By F. 8. Nassar and E. Nei. Department of Physiology, Middlesex 
Hospital Medical School, London, W. 1 

Cats were anaesthetized by intraperitoneal injection of thiopentone. Blood- 

stream cooling was effected by a femoral arteriovenous shunt consisting of 

a metal coil leading through an ice bath. 

(1) Carotid sinus reflexes were elicited by raising the static pressure in one 
isolated carotid bifurcation. Reflex changes of respiration and systemic B.P. 
in response to a rise of sinus pressure were studied at 37° C, 26° C, and, after 
rewarming, finally at 37° C. Such reflex responses were invariably present at 
26° C. During hypothermia the reflex fall of B.p. produced by sinus hyper- 
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tension showed longer latency, developed more gradually and was of less 
extent than at normal temperature. Moreover, restoration of systemic B.p. 
following the release of sinus pressure was much more slowly effected at 26° C 
than at 37° C. 

(2) Chemoceptor reflexes were elicited by itievoitotid injection of 0-1—0-2 ml. 
of 0:2% NaCN. All branches of the corresponding carotid bifurcation were 
tied save that supplying the carotid body. Chemoreflex responses were 
studied at 37° C, 26° C and, after rewarming, finally at 37° C. Reflex responses 
of hyperpnoea and hypertension were always demonstrable at 26° C, but were 
of less degree than those at 37° C. It is noteworthy, however, that at 26° C 
systemic responses of the animal to anoxia (produced by inhalation of 10% 0, 
in N,) were very feeble. Inhalation of 59% O, in N, led to respiratory failure. 
It-would appear therefore that the chemoreflexes when naturally elicited by 
anoxia give little protection in conditions of hypothermia. 

(3) Chemoceptor action potentials of the carotid sinus nerve were displayed 
on a cathode-ray oscillograph together with a recording of the e.c.g. The ani- 
mal was ventilated by a pump. Substitution of 5% O, in N, for room air as 
the inspired gas mixture caused a marked increase of chemoceptor potentials 
at 26° C. The onset of the response however appeared somewhat Te com- 
pared with that recorded — and finally at 37° C. 


Simple measures used for the control of intense radiant heat and 
the reduction of thermal stress at work. By G. P. CrowpeNn 


A new form of prismatic microscope. By J. McArrour 
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SUBJECT INDEX 


Abdominal muscles, respiration effect on 
activity of (man), 423 
Acetylcholine, bladder contractions affected 
by (cat), 63 
botulinum toxin effect on response of gut 
to (mammal), 457 
post-ganglionic axotomy effect on response 
of sympathetic ganglion to (cat), 608 
Acetylesterases, organophosphate insecti- 
cides and (insects), 20 P 
Adrenal cortex, growth hormone effect on 
mitotic activity after hypophysectomy 
affected by (rat), 273 
hypophysectomy effect on rate of decay of 
mitotic activity of (rat), 265 
work in hot environment effect on (man), 
41 
Adrenaline, bladder contractions affected 


by (cat), 60 
calf blood flow during infusion. of (man), 7 P 
Aerosol, sensitization by antig 1g 


(guinea-pig), 564 

Africans, skin protection against sunlight 
in Europeans and (man), 236 

Alveolar carbon dioxide concentration, 
oxygen inhalation effect on (man), 504 

Amino-acids, preferential transference by 
sac of everted small intestine - 
(hamster), 414 

Anterior pituitary adreno-cortical re- 
sponse, hypothalamic control of (cat), 
153 

Antidiuretic activity, intracellular locali- 
zation in pituitary of (rat), 208 

Antigen inhalation, sensitization by 
(guinea-pig), 564 


(cat and monkey), 144 
Apparatus. Film records analysis, 25 P 

Flowmeter, improved electric, 1 P 

Heart-lung machine for man, 51 P 

Manometer, differential and single pressure 
measurements, 2 P 

Oscillographic display of two short-lasting 
wave-forms separated by long interval, 
3P 

Oxygen box with 95% O,, 50P 

Respiratory anemometer, 25 P 

Skin conductivity measurement by por- 
table, 44 P 

Strain-gauge dynamometer for measure- 
ment of isometric contraction, 48 P 

Three syringe constant injection, 43 P 


Aqueous humour, growth hormone effect 
on transfer of glucose from blood to 
(rabbit), 247 

Arm, position effect on heat elimination 
from fingers (man), 11 P 

position effect on oxygen saturation of 
effluent blood from (man), 11P 

Arterial pressure, differential coefficient 

flow relationship to (dog), 533 
noradrenaline effect in normal and hyper- 
tensive state on (rabbit), 71 

Arterial wall, collagen and elastin content 
of (dog), 33 P 

Artery, calculation of velocity, rate of flow 
and viscous drag in, 553 

oscillating flow in, 38 P 
pulsatile pressure, flow relationship in 
(dog), 533 

Atoxylic acid, esterase in normal and post- 
heparin plasma affected by (man and 
dog), 304 | 

ATP, dinitrophenol effect on plain muscle 

Atropine, bladder contraction on nerve 
stimulation affected by (cat), 58 

Axotomy, sympathetic ganglion affected 
by post-ganglionic (cat), 603 


Barium, botulinum toxin effect on 
of gut to (mammal), 466 

Bladder, innervation of (cat), 54 

Bleaching, dark-adaptation effect on eye 
response to (guinea-pig), 576 

Bleaching spectrum (squirrel), 589 

Blood CO, tension, temperature effect on re- 
lationship between plasma pH and, 19 P 

Blood groups, haemoglobin E in Veddas 
and (man), 41 P 

Body fluid, work in hot environment effect 
on distribution of (man), 30 

Body temperature, water and salt intake 
in work in hot environment, effect on 
(man), 12 


- Body weight, energy expenditure relation 


to (rat), 484 

Bone growth, in vivo and in vitro com- 
parison of (chick), 432 

Botulinum toxin type D, intestinomotor 
drug classified by means of (mammal), 
449 

Brain blood flow, blood pressure and (cat 
and rabbit), 15P 
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Bronchospasm, simple method of recording 
repeated histamine-induced (guinea- 
pig), 29P 

BW284C5I, botulinum toxin effect on 
response of gut to (rabbit), 469 


Calcium, neuromuscular transmission 
affected by (locust), 98 

Calf blood flow, plethysmograph and 
thermo-electric needle records, com- 
parison of (man), 7P 

Calf muscles, stand-at-ease effect on 
electrical activity of (man), 620 

Capillary filtration rate, sympathectomy 
effect on (man), 6 


Carbon dioxide, Douglas bag loss with 


time of, 518 | 

_ respiration control in hypothermia by 
(dog), 380 

Carbon dioxide output, oxygen inhala- 
tion effect on (man), 507 

Carbon monoxide, foetal haemoglobin 
combination with (sheep), 47 

Cardiac action potential, sodium _per- 
meability and (calf and sheep), 215 

Cardiac failure, model heart showing, 369 

Cerebral cortex, electronic model of, 173 

Cerebral cortex after-bursts, mechanism 
of (cat), 168 

Choline m-bromophenyl ether, botu- 
linum toxin effect on response of gut to 
(guinea-pig), 460 

Chromatic bleaching, retinal pigments 
and (guinea-pig), 576 

Chylomicrons, lipolysis by post-heparin 
plasma of (dog), 310 

Circulation, mechanical heart action in 
model of, 364 

Cone, spectral sensitivity curve of (squirrel), 

Congenital heart disease, oxygen inhala- 
tion effect on respiration in (man), 498 

Cortisone, radio-iodine uptake by thyroid 
gland affected by (rabbit), 337 


Dark-adaptation, bleaching spectra 
affected by (guinea- -pig), 576 

Dehydration, urinary composition affected 
by 

Dimethyl-4-phenyipi iodide, 
botulinum toxin effect on response of 
gut to (guinea-pig), 459 

Dinitrophenol, plain muscle affected by 
(guinea-pig), 626 

Diurnal variation, oxygen consumption 
showing (rat), 487 

Dorsal root ganglion, delay and blockage 
of sensory impulses in (frog), 252 


Douglas bag technique, critical examina- 
tion of, 515 

Ductus arteriosus, central cyanosis relief 
by reconstruction of (dog), 53 P 


Elastic tube, mathematical theory of 
oscillating flow in, 37P 
Electroretinogram, cone and rod consti- 
tuents of (various), 595 | 
Embryonic bones, thyroxine action in vitro 
on growth of (chick), 427 
End-plate potential, cations effect on 
(locust), 93 
Energy expenditure, ingested energy 
relation to (rat), 486 
Erythrocytes, cardiac glycosides effect on 
potassium exchange of (man), 33P 
hexose permeability of foetal (mammal), 
318 
Eserine, bladder contraction on nerve 
stimulation affected by (cat), 58 
botulinum toxin effect on response of gut 
to (mammal), 468 
esterase in normal and _ post-heparin 
plasma affected by (dog and man), 300 
Exercise, experiment under field conditions 
on (man), 32P 
water and salt intake in hot environment 
effect on (man), 11 
Extraocular muscles, stretch receptors in 
(cat and monkey), 400 
Eye, bleaching experiments on (squirrel), 487 
bleaching spectra of (guinea-pig), 572 
site of electrical excitation of (man), 189 
Eye muscles, stretch receptors in (cat and 
monkey ), 400 


Faecal energy, ingested energy relation to 
(rat), 483 

Fasting, total energy expenditure during 
re-feeding and (rat), 10P 

Feeding behaviour, hypothalamic lesions 
affecting (cat and monkey), 143 

Femoral artery, linear velocity of flow in 
(dog), 536 

pressure-gradient relation to flow in (dog), 

559 

Film records, apparatus for analysis of, 
25P 

Finger, arm position effect on heat elimina- 
tion from (man), 11P 

venous congestion effect on heat climnina- 

tion from (man), 12P 

Flowmeter, improved electric, 1 P 

Foetal haemoglobin, carbon monoxide 
combination with (sheep), 47 

Foetus, hexose permeability of erythrocytes 
of (mammal), 318 
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Foot blood flow, recording in erect posture 
of (man), 6P 

Forearm, sympathectomy effect on capil- 
lary filtration rate in (man), 6P 


Galvanic polarization, labyrinth impulse 
discharge affected by (ray), 104 
Glucose, foetal erythrocytes permeation 
by (mammal), 319 
growth hormone effect on transfer across 
blood-aqueous barrier of (rabbit), 247 
Green modulator curve, cone spectral 
sensitivity curve and (squirrel), 596 
Growth hormone, adrenal cortex mitotic 
activity after hypophysectomy affected 
by (rat), 273 
glucose transfer across blood-aqueous 
barrier affected by (rabbit), 247 
Growth, thyroxine effect on in vitro bone 
(chick), 427 


Haemoglobin, carbon monoxide combina- 
tion with foetal (sheep), 47 

Haemoglobin E, blood groups in Veddas 
and (man), 41P 


Hand blood flow, Pitressin infusions effect 


on (man), 1P 
stimulation of central end of lumbar 
sympathetic chain effect on (man), 134 
Heart disease, oxygen inhalation effect on 
respiration in (man), 498 
Heart-lung machine for use in man, 51 P 
Heart, mechanical model of, 358 
Heart rate, intravenous infusions effect on 
(dog), 31P 
Heat stress, circulatory reactions to 
postural change as index of (man), 55 P 
Heparin, lipoprotein migration affected by 
(rabbit), 225 
Heparin clearing factor, lipoprotein 
migration affected by (rabbit), 225 
Hexamethonium, bladder contraction on 
nerve stimulation affected by (cat), 57 
blood pressure in normal and hypertensive 
state affected by (rabbit), 71 
Histamine, botulinum toxin effect on 
response of gut to (mammal), 464 
preganglionic impulses potentiation by 
(cat), 35P 
Humidity, sweat production relation to 
deep skin temperature affected by (man), 


of (mammal), 121 
release of cellular pigment by (beetroot), 
34P 


Hypothermia, 


Hyperphagia, hypothalamic lesions causing 
(cat and monkey), 145 
Hypertension, blood _—— control in 
(rabbit), 69 
Hypophysectomy, adrenal cortex mitotic 
activity affected by (rat), 265 
radio-iodine uptake by thyroid gland 
affected by (rabbit), 338 
Hypothalamus, food intake control by (cat 
and monkey), 143 
pituitary adreno-cortical response control 


by (cat), 153 
baroceptor and chemo- 
ceptor reflexes affected by, 95P 
carbon dioxide in control of ream 
during (dog), 380 


Ileum, coaxial electrodes stimulation of 
(guinea-pig), 40 P 
Indolalkylamines, fate in body of (mam- 
mal), 118 
Indoleacetic acid, see indolylacetic acid 
Indolylacetic acid, metabolism of (rat), 
release of cellular pig-ment by euteeah’, 
34P 
Inferior mesenteric ganglion, post- 
ganglionic axotomy effect on (cat), 603 
Inhalation, sensitization by 
(guinea-pig), 564 
Insecticides, acetylesterases affected by 
organophosphate (insects), 20P 
Interstitial fluid, circulation model, 367 
Intestine, amino-acids preferential trans- 
ference by sac of everted (hamster), 414 
botulinum toxin in classification of drugs 
acting on (mammal), 449 
extrinsic denervation of (rabbit), 14P 
Intracellular fluid, work in hot environ- 
ment effect on volume of (man), 34 
Intra-gastric pressure, respiration effect 
on (man), 424 
Inulin space, stimulation of muscle effect 
on (rat), 525 
Iodine, thyroid gland of (rabbit), 
328 
Isometric contraction, strain-gauge dyna- 
mometer for measurement of strength 
of, 48P 


Labyrinth, galvanic polarization effect on 
impulse discharge from (ray), 104 

Law of the heart, mechanical 
obeying, 362 

Lipaemia, heparin effect on lipoprotein 
migration in (rabbit), 225 

Lipoprotein migration, heparin and its 
clearing factor effect on (rabbit), 225 
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Lumbar sympathetic chain, hand blood 
flow affected by stimulation of central 
end of (man), 134 | 

Lungs, ventilation and 
compliance of (rat), 157 


» neuromuscular transmission 
affected by (locust), 96 
Manometer, differential and single pressure 
measurements by, 2P 
Membrane potential, action potential 
rise in Purkinje fibre relation to {calf 
and sheep), 215 
cerebral cortex after-bursts slladden to 
differences in (cat), 169 
Metabolic rate, oe inhalation effect 
on (man), 506 
Metabolism, total energy (rat), 479 
Methoxytryptami metabolites of (rat), 
123 
Methylfurfuryitrim rimethyl i 
iodide, toxin effect on 
response of gut to (mammal), 462 
Mitotic activity, hypophysectomy effect 
. on adrenal cortex (rat), 265 
Mosquito nets, cotton and synthetic fibres 
affecting properties of, 56P — 
ventilation and thermal comfort affected 
by, 45P 
Muscarine, botulinum. effect on 
response of gut to (mammal), 455 
Muscle spindle, electrotonus of sensory 
nerve effect on discharge from (frog), 


transmission, cations 
effect on (locust), 90 ; 
Neurone, electronic model of, 169 
Nicotine, botulinum 
of gut to (mammal), 454 
Noradrenaline, bladder contractions 
affected by (cat), 60 
blood pressure in normal and 
state affected by (rabbit), 72 


Ocstrogens, thyroid gland affected 
by (rabbit), 391 

Oestrous cycle, nergy expenditure affected 
by (rat), 489 

Oro-nasal mask, 49 P 

Otolith organs, galvanic polarization effect 
on impulse discharge from (ray), 112 

Oxygen, Douglas bag loss with time of, 521 

respiration affected in normal and con- 


Oxygen box, humidifying and 
devices with 95% O, in, 50P 


en consumption, diurnal variation 
in (rat), 487 
Oxytocin, intracellular localization in 
. pituitary of (rat), 203 


Pancreatic secretion, cytology of, 26P 

Pitressin, hand biood flow affected by 
infusions of (man), 1 P | 

Placenta, passage of sugars across (monkey ), 
8P 

Plain muscle, dinitrophenol effect on 
(guinea-pig), 626 

membrane potential, spike discharge and 

tension correlation in (guinea-pig), 9 P 

Plasma esterase, drugs effect in normal 
and eo plasma on (dog and 
man), 300 

Plasma pH, temperature effect on relation. 
ship between blood CO, tension and 
(mammal), 19P 

Post-ganglionic axotomy, sympathetic 
ganglion affected by (cat), 603 

Post-pituitary gland, intracellular locali- 
zation of hormones in (rat), 201 7 

Posture, foot blood-flow records in erect 
(man), 6P 

skeletel muscle slaoteiedi activity affected 

by (man), 617 

Potassium, action potential relation to 
‘clamp’ potential affected by extra- 
cellular (calf and sheep), 220 

- botulinum toxin effect on response of gut 
to (mammal), 467 

neuromuscular transmission by 
(locust), 93 

Preganglionic impulses, histamine and 
pilocarpine potentiation of (cat), 35 P 

Pressure blindness, electrical p 
disappearance with (man), 195 

Pressure gradient, calculation of blood 
flow in artery from (dog), 539, 553 

Progesterone, thyroid gland activity 
affected by (rabbit), 391 

Protamine sulphate, lipoprotein migrati 
affected by (rabbit), 230 , 

Puberty, adult physique i in men ven age at 
(man), 17P 

Pulsatile pressure, blood how in artery 
relation to (dog), 533 Ss 

Pulse rate, water and salt intake'in work in 
hot environment effect on (man), 14 

Purkinje fibre, action potential relation to 

5 


Quinine, 
man), 302 
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Radio-iodine, thyroid gland uptake of 
(rabbit), 328 
Radio-thyroxine, metabolism of (rabbit), 
341 
Reactive hyperaemia, blood flow measure- 
ment in (man), 13P 
intra-vascular pressure and (man); 14P 
Renal clearances, toxaemia of pregnancy 
effect on (sheep), 54P 
Repolarization, time constants in cerebral 
cortex of (cat), 179 
Respiration, abdominal muscles activity 
affected by (man), 423 
BAe: and carbon dioxide control 
_ of (dog), 380 
oxygen inhalation effect in normal aed 
congenital disease on (man), 
498 
skeletal muscle metabolism effect on (dog), 
BOP 
(rat), 481 
Respiratory light weight, 
26P 
Reticulocytes, foetal age elation to 
number of (sheep), 50 
Retina, absorption spectrum of extract of 
partially bleached (bleak), 9P 
electrical excitation of (man), 194 
spectral density difference curve for (frog), 
84 


spectral sensitivity of pure-cone (squirrel), 
92 


structure of (squirrel), 594 
Retinal pigments, chromatic bleaching 
and (guinea-pig), 576 
Rods, photosensitive pigments in ue and 
green (frog), 81 


Salt intake, work in hot environment 
affected by (man), 11 
Salt, maximum urinary concentration of 
(marsupial), 3 
bum, squalene and other hydrocarbons 
in (man), 36P 
Semicircular canals, galvanic polariza- 
tion effect on impulse discharge from 
(ray), 106 
Sensory impulses, delay and blockage in 
dorsal root ganglion of (frog), 252 
Sensory nerve, muscle spindle discharge 
affected by electrotonus of (frog), 636 
Skeletal muscle, closed-loop hypothesis 
tested on (man), 23 P 
contraction effect on oxygen saturation of 
effluent blood from (man), 13P 
interference contrast microscopy in study 
of living fibres of, 27P 


Skeletal muscle, inulin space affected by 
stimulation. of (rat), 525 
posture effect on electrical activity of 
(man), 617 
Skeletal muscle fibre, stimulation effect. 
on size of (rat), 528 
Skeletal muscle metabolism, 
affected by (dog), 30P 
Skeletal muscle sodium, external omotum 
effect on, 32 P 
Skin, rate of diffusional water 
(man), 18P 
relative humidity and vapour pee 
measurement of air near, 46.P 
sunlight protection by horny and pig- 
mented layers of (man), 236 
sweat production relation to temperature 
of deep (man), 285 
Skin conductivity, portable apparatus for 
measurement of, 44P 
Sodium, action potential relation to 
‘clamp’ potential affected by extra- 
cellular (calf and sheep), 
Squalene, sebum containing (man), 36 P 
Stretch receptors, extraocular muscles 
containing (cat and monkey), 400 
Sunlight, skin protection in Africans and 
Europeans against (man), 236 
Sweat production, deep skin. temperature 
relation to (man), 285 
Sweat rate, water and salt intake in work 
in hot environment effect on (man), 12 
water balance in work in hot environment 
relation to (man), 29 
Sweat, sodium concentration in thermal 
(man), 17P 
Sympathectomy, capillary filtration rate 
in forearm affected by (man), 6P 
Sympathetic ganglion, post- 
axotomy effect on (cat), 603 


Taenia coli, dinitrophenol effect on 
Temperature regulation, range of (mar- 
supial), 4 
TEPP, esterase in normal and post-heparin 
plasma affected by (dog and man), 303 
Thermometer, regional differences and 
times for equilibration of, 57 P 
Thyratron neurone, behaviour of, 172 
Thyroid gland, gonadal hormones effect on 
secretion of (rabbit), 390 . 
radio-iodine uptake by (rabbit), 328 
Thyrotrophic hormone, radio-iodine up- 
take by thyroid gland affected by 
(rabbit), 337 
thyroxine and as in- 
hibitors of secretion of (rabbit), 352 
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Thyroxine, embryonic bone growth in vitro 
affected by (chick), 427 
metabolism of radio-active (rabbit), 341 
radio-iodine uptake by thyroid gland 
affected by (rabbit), 337 
thyrotrophic hormone secretion 
by (rabbit), 352 
Triiodothyronine, thyrotrophic 
secretion inhibition by (rabbit), 352 
Tryptamine, metabolites of (rat), 124 
Tubocurarine, esterase in normal and 
post-heparin plasma affected by (dog 
and man), 304 | 
2268 F, botulinum toxin effect on response 
of gut to (mammal), 462 


Urine, environmental factors effect on 
_ composition of (marsupial), 2 

Urine nitrogen, ingested energy relation 
_ to (rat), 483 


Vasoconstriction, lumbar sympathetic 
chain stimulation causing reflex (man), 
134 


SUBJECT INDEX 


Vasopressin, mechar.ism of inactivation by 
kidney homogenates of, 39 P 

Vasopressor substance, intracellular 
localization in pituitary of (rat), 203 

Venous congestion, heat elimination from 
fingers affected by (man), 12P 

Venous occlusion plethysmography, 
nature of after-drop in tracing from 
(man), 5P 


Ventilation rate, oxygen/carbon dioxide 


mixtures effect on (man), 508 
work. per cycle relation to (rat), 160 
Venular resistance, circulation model 
affected by, 366 
Visual purple, average absorption of light 
- in retina by (frog), 87 : 


Water, garment permeable to water vapour 
but impermeable to, 58 P 

Water balance, sweat rate in work in hot 
environment relation to (man), 29 

Water intake, work in hot environment 
affected by (man), 11 

Water metabolism, environmental factors 


effect on (marsupial), 1 
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